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CHANGES IN THE STRUCTURE,/DEGREE OF DISPERSION, 
AN DEY Teri VA bere? OF PEA TS IAS=THECRESULT TOF 


COMPLETE FREEZING 


M. Pa Velarovict: KF. Gusev, S.N. Markov and Vv. P. Tropin 


The physicomechanical and physicochemical properties of moist peat are changed considerably by com- 
plete freezing. It is known [1, 2] that frozen peat after thawing gives up water much more easily, but has lower 
strength and higher moisture absorption in the air-dry state. This is caused by coagulation of the peat during 
freezing and subsequent thawing. It was of interest to study this effect by a combination of x-ray, dispersion 
and rheological analysis methods, The x-ray structure analysis was carried out by a procedure described pre - 
viously [3]. The. photographs were taken with the aid of a tube with a copper anticathode in a special x-ray 
camera of high resolving power [4] over a period of 8 hours, the B-lines not being filtered off. The x-ray dia- 
grams were used to give microphotometric curves with the aid of a "Magnephot" microphotometer obtained 
from Hungary [5], adapted for this purpose. 


250 


1000 


eae 20 30. mm plete 20 30 4mm 
Fig. 1. Microphotometric curves based on Fig. 2. Microphotometric curves from x- 
x-ray diagrams of upper No, 66 peat and ray diagrams of peats taken from depths of 
bottom ‘peats Nos. 3 and 11. Continuous 0.2; 0.4; 0.7 and 1.2 meters. 


lines represent the original peats; the bro- 
ken lines, after freezing. 


Figure 1 shows microphotometric curves taken from x-ray diagrams of upper pine — cotton grass peat No. 
66 with degree of decomposition R = 65%, and wood — reed No, 3 (R = 50%) and reed No. 11 (R = 35%) lower 
peats, both in the original states and after freezing. The abscissa axis shows the distances fromthe center of 
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Fig. 3. Particle size distribution curves for Fig. 4. Curves for dispersability ranges af- 
peats: bottom No. 63 and upper No. 128. fected by coagulation on freezing, for peats 
Continuous lines represent the original peats; Nos, 63 and 128. 


broken lines represent peats after freezing. 


the x-ray diagram in millimeters, and the ordinates represent the reciprocals of the intensities of the light beam 
passing through the x-ray diagram. The peats were subjected to low temperatures of the order of —15, —25° for 
several days. ‘The moisture content of the peats was 86-88%. Figure 1 shows that all these peats in the original 
state give a fairly distinct diffraction maximum at 1 = 30.5 mm. The x-ray diagrams of these peats of a high 
degree of decomposition belong to the second type in our classification [6]. Such peats, in contrast to peats of 
a low degree of decomposition, do not show a cellulose structure in the x-ray diagrams. The diffraction maxi- 
mum at J = 30.5 mm is caused by the presence of bitumens and waxes in peats [7], the structure of which is 
identical with that of normal petroleum paraffins. The interplane distance of the crystal lattice is 4.15-4.25 A. 
The lines in Figure 1 corresponding to frozen peats (the diagrams were taken after thawing and drying to an air- 
dry state) do not show diffraction maxima. Therefore, the structure of the peat bitumens and waxes is affected 
by freezing. Water is unlikely to be contained in the crystal lattice of peat bitumens and waxes. The structural 
change is probably the result of the fact that at these low temperatures the free water in the peat is frozen, and 
also the partially bound water, namely part of the physicoche mically and physically bound water, in the Du- 
mansky~-Rebinder theory. As a result of the freezing large internal stresses arise in the peat, which deform-the 
soft crystals of the peat bitumens and waxes, thus disturbing their crystal lattices. 


The above results of laboratory experiments are confirmed by observations relating to peat frozen under 
natural conditions. Figure 2 shows microphotometric curves based on x-ray diagrams for samples of bottom 
sedge peat No. 63 (R = 55%) taken from various depths. It is seen that the sharp diffraction maximum atl = 
30.5 mm is found only for the peat sample taken from a depth of 1.2 meters. The peat sample taken from a 
depth of 0.7 m has a diffuse maximum at 2 = 30.5 mm, which is almost imperceptible on the curve for the 
sample taken from 0.4 m. This maximum does not appear on the curve for peat taken from the surface layer 
(0.2 m). The explanation is that peat deposits usually freeze through down to a depth of 0.5-0.7 m in winter. 


Dispersion analysis of the frozen peats was carried out by the method developed previously [8], fractions 
with equivalent radius greater than 125y being subjected to wet sieve analysis, while fractions between 125 and 
0.5 were studied by means of the weight sedimentometer [9]. Figure 3 shows particle size distribution curves 
for bottom alder peat No, 63 (R = 55%) and for upper pine wood~cottongrass peat No. 128 (R = 50%). Electron 
micrographs were not taken, and therefore the highly disperse fraction (t < 0.5y) is shown in Figure 3 in the 
form of a rectangle. The peats were frozen for about three weeks, the minimum temperature reaching —30°, 


It is clear from Figure 3 that when peats are frozen through and subsequently thawed out there are changes 


408 


in their degree of dispersion, caused by coagulation, the effect 
being most pronounced for peat No, 128, In particular, this 
peat underwent an abrupt transition from an initial plastic state 
into a loose coarsely granular system on freezing. An especially 
clear picture is obtained if coagulation dispersability range 
curves [8] are plotted, as shown in Figure 4, where the differences 
between the ordinates of the size distribution curves for cach 
peat in the original and frozen states are shown, Here the finer 
fractions, which disappeared in course of coagulation, lie below 
the abscissa axis and are indicated by a minus sign, while the 
coarser fractions which appeared lie above the abscissa axis and 
are denoted by a plus sign. It was found that coagulation on 
freezing affected 11.5% of peat No. 63 and 28.3% of peat No. 
128, 


It is seen from Figures 3 and 4 that in peat No. 63 only 
the fraction with radius 0.5-1.5u coagulated on freezing, while 
in peat No, 128 the coagulation process covered a wider range 
of fractions from hundredths of a micron to 60. Additional 
amounts of a coarse fraction, mainly between 100 and 500y, 
appeared in both peats as the result of coagulation. 


Fig. 5. Variation of yield value with: 
moisture content of peat: 1) not frozen; 
2) after thawing; 3) the same, but after 
two years of storage at positive tempera - 
tures. A comparison of the principal dispersion characteristics 

of the original and coagulated peats also reveals considerable 
changes in the degree of dispersion resulting from freezing. For upper peat No, 128, the specific surface (S), 
calculated by S.G. Solopov's method, of fractions with particle radius r < 24 was Sp = 4520 cm?/g for the orig- 
inal peat and Sy = 3185 cm*/g for the frozen peat, and the average weighted diameter (d) of the coarsely dis- 
perse fraction of the original peat was dy = 495y, and of the frozen peat dy = 600u. The inhomogeneity coef- 
ficient (f), often used in relation to soils, which represents the ratioof the radii between which 50% of the mass 
of the particles of the solid phase is included (f = ry9/rg9), underwent an especially pronounced change; for the 
original peat fy = 275, and for the frozen peat f, = 10. Bottom peat No. 63 was less coagulated as the result 
of freezing, as is indicated by the principal dispersion characteristics: the specific surface of the original peat 
was Sy = 3700 cm’/g, and of the frozen peat Sp = 3060 cm’/g, while the average weighted diameter was al- 
most unchanged, being dy = 500p for the original and dy = 520p for the frozen peat. The inhomogeneity co- 
efficient also changed little; for the original peat f) = 58.8, and for the frozen peat fp = 30.6. 


Part of the bound water in peat becomes free in the freezing process. Therefore after thawing the rheo- 
logical properties of peat are different from those of the original peat. We determined the limiting shearing 
stress (yield value) of previously frozen peat by means of a cone plastometer [10] by Rebinder's method [11]. 
The constant for the cone (with a riffled surface) with an angle of 45° was taken as 0.416, in accordance with 
the theory developed by Agranat, Volarovich and Shirokov [12]. 


Figure 5 shows curves for the yield value 9 as a function of the moisture content of wood-sedge peat No. 
4 of degree of decomposition R = 45%, in the original state (Curve 1) and after freezing (Curve 2). The peat, 
taken out of the deposits, was subjected to low temperatures during winter, Its yield value was determined af- 
ter thawing. It is seen that @ for peat decreases considerably (by 30-50%) after freezing. The explanation is 
that when peat is frozen at low enough temperatures some of the bound water freezes, while after thawing this 
water becomes free. 


However, if peat is kept at positive temperatures for a prolonged time after thawing, its original rheo- 
logical properties are to some extent restored, Curve 3 in Figure 5, which corresponds to peat kept for two 
"years at positive temperatures after freezing, lies considerably nearer than Curve 2 to Curve 1 for peat which 
had not been frozen. It seems that after thawing part of the free water again becomes bound by the solid phase 
of the peat at positive temperatures, and the relative content of free water decreases, The yield value of the 
peat again increases as a result. 
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SUMMARY | 


metric curves for peats show diffraction maxima 


1. The x-ray diagrams and the corresponding microphoto 
after the peats have been frozen through 


corresponding to peat bitumens and waxes; these maxima disappear 


at temperatures of ~15 to 25°, 


2. The particle size distribution curves for peats, determined by sieve and sedimentometric analysis, 
show that freezing causes coagulation in peat and considerable additional amounts of a coarse peat fraction of 
particle size 100-5004 are formed, 

3. Experiments with the aid of the cone plastometer showed that the yield value of frozen peat (after 
thawing) is considerably lower than that of the original peat. The explanation is that during freezing part of 
the bound water in the peat becomes free, and this causes considerable changes in the structure and properties 


of the peat. 
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INVESTIGATION OF ELECTROOSMOSIS IN CAPILLARY SYSTEMS 
OF DIFFERENT CHARGE/AND STRUCTURE 


O.N. Grigorov and K.P. Tikhomolova 


It was shown in one of our papers [1] that a definite ratio of capillary length to cross section is required 
for electroosmotic flow to occur in systems of regular geometrical structure composed of capillaries of circular 
or square cross section. This ratio was not constant for capillaries of different cross section, but varied with the 
latter and with the potential gradient of the applied electric field. Increase of the capillary cross section re - 
sulted in an increase of this ratio, while increase of the potential gradient had the opposite effect. 


It was desired to test the results of that investigation on powder capillary systems of various types, more 
similar in structure to natural materials. It also seemed likely that variation of the effective charge density on 
the particle surfaces of materials differing in their chemical nature should influence the ratio of capillary length 
to cross section at which electroosmotic flow can occur. 


EXPERIMENTAL 


The materials chosen for study were powders consisting of spherical polystyrene particles prepared by 
emulsion polymerization of styrene, and also quartz powders and powdered melts of polystyrene with MMG-1 
anion exchange resin. The polymerization of styrene was carried out in presence of polyviny! alcohol or poly - 
methacrylic acid as emulsifier and benzoyl peroxide as catalyst, at 80-90°. To vary the charge on the poly- 
styrene particles, a certain amount of dye was added to the styrene during polymerization until a saturated solu- 
tion was formed. In this way, a series of specimens of polystyrene powders was obtained, with different ¢ -poten- 
tials in KCl solution. Quartz powder, made by grinding quartz crystals in a steel ball mill, was treated with 10% 


Fig. 1. Diagram of apparatus for measurement of electroos - 
motic transfer. 


H, SO, solution with warming, and washed with distilled water to a negative reaction for SO, ions, Positively 
charged powders were made by taking finely powdered MMG~1 anion exchange resin which was melted together 
with polystyrene and ground in a mortar. The quartz and polystyrene powders were then fractionated by means 
of Tyler standard sieves. Powders with particle size < 44y were fractionated by elutriation in an ascending cur- 
rent of water with cone apparatus. For dispersion analysis of the fractions, micrographs of individual samples of 
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a SANB abies 


t-Potentials of the Materials Used in the Experiments 


Specific con- in mv 
ductance of 
KC] solution 
x 104 ohm*! 


em! 


Specific con- |¢ in mv | Details of sample 
ductance of 
KC1 solution 
x 104 ohm! 


cm7) 


Details of sample 


Polystyrene (polymetha - 9.3 ~15 Polystyrene with added —33 
crylic acid emulsifier) Sudan III (saturated 
Polystyrene (polyvinyl 9.3 10? solution) 
alcohol emulsifier) Quartz powder =) 
Polystyrene with addition 953 sa i(5) Quartz powder b> 
ae 


Melt of polystyrene with 
MMG-I! resin 


of fat-soluble Brown K 
(saturated solution) 


the powders were taken and the average particle sizes were determined from these. 
Data on the ¢~potentials of the samples used for the experiments in KCl solution are given in Table 1. 
Electroosmotic transfer was measured by means of the apparatus shown schematically in Figure 1. 


The apparatus essentially consisted of a tube A 1.1 cm in diameter, placed vertically for easier removal 
of air bubbles, which distort the results, from the powder diaphragm. The powder was pressed between two per- 
forated "Plexiglas" plates f and g. The tube A was joined by two agar bridges C and C' to the beakers E and 
E', which contained copper electrodes in CuSO, solution. The volume of the transported liquid was read off by 
means of the two graduated capillaries D and D'. Current at potentials up to 410 v was supplied from a keno- 
tron, its direction being varied by a commutator. 


The apparatus was filled as follows. A suspension of the powder in KC] solution, of known concentration, 
was introduced into the main tube A of the apparatus onto the lower perforated plate and left to settle there un- 
til a column of the required length was formed. The powder diaphragm so formed was compressed between the 
two plates and the whole apparatus was filled with KCl solution of the same concentration. The constancy of 
the electrical conductance of the KC1 solution in the apparatus was additionally checked after each experiment. 
To establish equilibrium between the disperse system and the solution, the powder to be studied was first kept in 
the given solution for not less than three days; this was shown to be necessary by special experiments. After the 
apparatus had been filled a certain time interval was also necessary before the start of the determinations, for 
equilibrium to be established in the system. This interval was experimentally found to be 10 to 12 hours. In- 
tervals of 1 hour between experiments were allowed to elapse so that equilibrium, characteristic of the given 
system in the steady state, could be established between the electroosmotic transfer determinations, Definite 
and reproducible volumes of the transferred liquid were obtained under these conditions. The electrokinetic 
potential was calculated from the usual Helmholtz-Smoluchowski equation 


__ 4rxyV 
¢ = Ava’ 9.108, 


(1) 
where « is the specific conductance of the solution; 7 is the solution viscosity; V is the volume of liquid trans-~ 


ferred in cubic centimeters per second; D is the dielectric constant; I is the current strength in amperes, and 
9+ 10* is the conversion factor to give the ¢ -potential in volts. 


To find the minimum ratio of the length of the powder column (in other words, the thickness of the dia- 
phragm) to the cross section, at which a definite constant value for the ele ctroosmotic transfer of the liquid be - 
comes established, which we term the “critical ratio," a series of parallel experiments with different lengths of 
column was carried out.* The results of experiments with powders consisting of spherical particles are shown 


*In these experiments in a number of cases it was clearly seen that the liquid did not move in the graduated 
capillary when the length of the powder column was insufficient, With increasing column length a certain re - 
gion was found in which the liquid was seen to move but the results were inconsistent, and this was followed by 
a region of constant values corresponding to steady electroosmotic flow. Values corresponding to the critical 
length (l¢;) were determined to an accuracy of 1-2 mm. 
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d.of particles in p 


200}- d of particles in yp 


: 100 
160 
80 
120 
50 
80 
40 
0 20 
q 
0 / 2 a. ° 4 y 6 
length of powder column in cm length of powder column in cm 
Fig. 2. Variation of the critical length of Fig. 3. Variation of the critical length of 


the powder diaphragm column with dimen- 


the powder diaphragm column with dimen- 
sions and charge of the spherical particles; 


sions and charge of particles of irregular 
Le = 30 mv; 2) =) 15) mv--3), C= shape: 1) ¢ = ~29 mv; 2) ¢ = +21 mv; 


= —-10 mv; 4) ¢ = —6 mv. 8) ¢ = —15 mv. 


in Figure 2. 


Examination of the curves in Figure 2 shows that, as was to be expected, the critical length of the powder 
column depends on the degree of dispersion, and increases with increasing particle size, which is equivalent to 
increase of capillary radius. Further, the critical column length depends on the surface charge, decreasing with 
increase of thé latter. The differences between critical lengths for systems with different ¢-potentials are fairly 
large for a given degree of dispersion. For example, for particles 150u in diameter, the critical length of a col- 
umn of polystyrene powder with added fat Brown K (¢ = —6 mv) is 3 cm, for polystyrene with ¢-potential —10 
mv, lg; = 2.3 cm, and for polystyrene with ¢-potential -15 mv, lo; = 1.9 cm. A comparison of any two sys- 
tems shows that, with variation of the particle size in a given system, the ratio of the critical lengths remains 
approximately constant for the same degree of dispersion. Table 2 gives comparative values of the critical 


length (1 ¢y) ratios for different diameters of the spherical particles in powders with different electrokinetic po- 
tentials. 


TABLE 2 


Critical Length Ratios for Systems of Spherical Particles with Different Charges 


Particle di- | 2g, in cm 
ameter, in | 


lé; in cm 
16 == 15 


lor in cm 
(¢ = -33 
mv) 


150 oe 
100 = 
50 1.8 
20 2.2 


Results of experiments with powders with particles of irregular shape are shown in Figure 3. 


The results in Figure 3 show that the length of the powder column necessary for steady laminar flow of li- 
quid to be established also increases in these experiments with increasing particle size in a given system, and 
decreases with increasing ¢ -potential for the same degree of dispersion of the powders, 


Thus, the results of our experiments for powder capillary systems fully confirm earlier data [1] for glass 
and polystyrene capillaries of regular geometrical form, Further, the influence of the effective charge density 
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-on the occurrence of electroosmotic flow has 
been established; this had not been studied 
previously. The results are of interest in re la- 
tion to electroosmotic dehydration of dispersoids 
rich in water, and also, from the methodological 
aspect, in relation to experiments for determina - 
tion of ¢-potentials of systems of complex struc- 
ture. It seemed likely that the value of lo, for 
capillary systems differing in structure should 
depend on their specific surface. 


A ,ecim 
M 


The dependence of lg, on the specific sur- 
face of the system can be demonstrated, for any 
given substance, by the magnitude of the max~- 
imum electroosmotic rise. This question is of 
independent interest. Very few experiments have 
0 been carried out on determination of the maxi- 
je od ‘e @ Tequiv mum electroosmotic rise, and these were per- 
formed either in single capillaries in very nar- 
row limits (Quincke [2]) or in heteroporous sys- 
tems with pores of indeterminate structure, as 
in Manegold and Solf's experiments [3] with col- 
lodion membranes. 


Fig. 4. Variation of the maximum electroosmotic 
rise with the equivalent capillary radius in a powder 
diaphragm consisting of spherical particles. 


Theoretically, the maximum rise (H}y) is defined by the expression: 


tacit 2CED (2): 


he 7 


where E is the potential gradient at the membrane; D is the dielectric constant; ¢ is the electrokinetic poten- 
tial, and ris the capillary radius. The maximum rise is therefore inversely proportional to the square of the 
radius. 


TAB ES: 


Maximum Electroosmotic Rise in Powders of Spherical Polystyrene Particles 


Average par- Equivalent pore | Maximum elec- (H Cr eis Current strength 
ticle diameter radius (te quiy) troosmotic rise Cw. bes in ma 
(d) in p in ‘| (Ay) in cm equiv), 


10.15 
16.5 
26.9 
41.5 
62.6 
86.5 
108.5 
152.5 


In Quincke’s experiments the maximum rise was found to be inverse ly proportional to the first power of 
the radius. In Manegold and Solf's experiments the results for some membranes were close to those required b 
the above formula, but in many cases there were considerable deviations, probably because of the uncertaint ; 
of the structure of the materials used. ‘Their results cannot therefore be regarded as providing complete stints 
ation of the theory, Experiments for verification of this equation must be carried out for systems 2 constant 
structure with variations of capillary radius. Systems of spherical particles, in which the structure depends onl 
on the nature of the packing and is not related to the particle size, are quite suitable for this digetneiai ct é 
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structural parameters of a system of monodisperse spherical particles can be calculated by analogy with the "fic~ 
titious soil," a concept used in hydraulics and soil science in analysis of filtration processes of liquids through 
porous bodies [4, 5]. 


We calculated the average equivalent radius reguiy of the capillaries, i.e., the radius of a circle equal 
in area to the average cross section of the capillary space between the equatorial planes of the spheres. If the 
packing of the spherical particles is considered as a combination of the most dense and the most free packings, 
i.e., packing of the eighth order, then the average free capillary cross section per 1 cm? will be 0.395 cm?, 
The cross section of our apparatus is 0.95 cm?. On the assumption that all positions of a plane cutting across 
these packings at right angles to the direction of liquid flow are equivalent, we find the value for the free cross 
section of one capillary (f) 

ee 0,95-0,395 
(mF Mp) +3/9? 


where n, and ng are the numbers of capillaries in the section with the most dense and the most free packings. 
The values of ny and n, were calculated by dividing the total cross section of the tube by the cross section of a 


unit gap in the given type of packing. The maximum electroosmotic rise was determined by the Manegold and 
Solf method [3]. 


The experiments to determine the maximum electroosmotic rise were performed on a powder of spherical 
polystyrene particles with ¢-potential of -10 mv. The experimental results are given in Table 3. 


It follows from Equation (2) for the electroosmotic rise that the ratio (H)y)4/(H)y)i, i.e., the ratio of the 
maximum electroosmotic rises, varies in proportion to the square of the inverse ratio of the radii. The data in 
Table 3 show that the ratio of the electroosmotic rises is approximately equal to the square of the inverse ratio 
of the radii. This variation of Hy, with capillary radius should be represented by a parabola; this is illustrated 
in Figure 4. 


Thus, the maxirnum electroosmotic rise depends on the capillary radius in the system, variation of which 
leads, in its turn, to variation of the specific surface. Differences of the critical lengths of the capillaries (in 
relation to their radii) for a given substance are determined by differences of the motive electroosmotic forces, 
which depend on the specific surface of the capillary system and which may be characterized by the electroos- 
motic rise. Therefore variation of the critical capillary length is ultimately determined by variation of the 
specific surface of the system. 

SUMMARY 


1, Steady electroosmotic fiow of liquid becomes established in a powder diaphragm at a definite ratio of 
the length of the powder column to the capillary cross section. This ratio increases with increasing particle 
size in the powder and decreases with increasing surface charge, which is characterized by the magnitude of 
the electrokinetic potential. 


2. The ratio of the maximum electroosmotic rises for diaphragms with particles of different sizes varies 
in direct proportion to the inverse ratio of the capillary radii, in agreement with the classical formula. 
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INVESTIGATION OF ADHESION EFFECTS IN BONDING RUBBER 


TO METAL BY LEUKONAT ADHESIVE 


A.M. Medvedeva, B.V. Deryagin and S.K. Zherebkov 


Adhesives based on isocyanates for bonding rubber to metals were first developed and used in Germany 
during the Second World War [1]. Adhesives, based on isocyanates, for rubber-metal bonding are used in a num- 
ber of countries under various trade names (HDI, Vulcabond TX, Xylen M, Desmodur R, MD-1). In the USSR, 
"Leukonat" isocyanate adhesive is widely used. The reasons for the wide use of isocyanate adhesives are that 
the bonds obtained are the most suitable for general purposes and have a number of valuable properties: heat 
resistance, frost resistance, resistance to solvents, oils, and water, and good stability to repeated deformation. ' 


There have been numerous investigations [2-5] of the properties of bonds formed by isocyanate adhesives. 
However, there is still no definite theory concerning the causes of bond formation at the adhesive -rubber and 
adhesive -metal boundaries. The various viewpoints advanced in the literature are often unsupported by exper- 
imental data. For example, in Bayer’s paper [1] it is suggested that isocyanates react with the hydroxide layer 
on the metal surface during bonding of rubber to metal. Bayer also states that isocyanates can polymerize into 
compounds of high molecular weight under the action of metals or basic compounds. 


Proske [6] also states that in rubber-metal bonding by means of isocyanates chemical reactions with the 
oxygen-containing groups of the rubber may occur.* The suggestion is made in the same paper that the —-N= 
=C=O group.is of decisive importance in adhesion of the adhesive film to metal; the rest of the isocyanate 
molecule, i.e., the hydrocarbon portion, forms a bond with rubber. On the whole it may be said that adhesion 
phenomena, which include rubber-metal bonding, are not sufficiently well understood, The electrical theory 
of adhesion put forward by Deryagin and Krotkova [7] is the most fully developed theory of the adhesive bond. 
The above examples cover all the existing views on the mechanism of rubber-metal adhesion by means of iso- 
cyanates. 


An attempt is made in the present paper to approach the prob- 
lem of rubber-metal bonding by means of Leukonat isocyanate ad- 
hesive. The isocyanates, as a chemical class, have a number of char- 
acteristic properties, such as polyfunctionality (mono-, di-, and tri- 
isocyanates exist), and exceptional chemical activity. The forma- 
tion of isocyanate polymers is based on the fact that the isocyanate 
group ~-N=C=O contains a double bond between N and C, at which 
active hydrogen can be added extremely readily. Bayer [1] arranged 
compounds containing active hydrogen in the following series by their 
order of reactivity toward isocyanates: amines > water > alcohols > 
> acids > urea derivatives > phenols > compounds with active methyl- 


1 


ene groups. 
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Fig. 1. Deryagin’s rotating p The present paper gives a description of an investigation of ad- 
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Methods. The strength of the rubber-metal bond was measured 


*Proske does not exclude the possibility of electrical forces arising at the adhesive -rubber boundary. 
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in terms of the specific work of peeling the rubber from the metal, Several methods and instruments for this 


purpose have been described previously [7]. The principle of one of these is illustrated in Figure 1. The speci- 
fic work of peeling was calculated by the equation: 


P 
A= -,-(1—cosa), (1) 


where P is the weight of the load; 1 is the length of the plate; b is the width of the plate; o is the peeling 
angle; A is the specifie work of peeling. If the plate is horizontal, then 


A = P/b. (2) 


Deryagin and Krotoya [7] showed that the work of peeling depends on the rate at which the polymer film 
is peeled from the support. 


In the present paper the test results are also shown in the form of adhesion diagrams showing the work of 
peeling as a function of the rate at which the rubber is peeled from the metal. The peeling rate of the rubber 
from the metal was varied between 0.001 and 1 cm/second, approximately a 1000-fold range, and the peeling 
angle was 90°; for this, a special self-regulating device was designed. 


The experimental procedure was as follows. The surfaces of steel plates (110 x 25 x 3) were cleaned 
with No. 100 fine grain emery paper or sandblasted, according to the experimental conditions, and washed with 
ligroine; the plates were then coated with a thin layer of Leukonat by dipping.* Prepared samples of raw rub- 
ber mixes were freshened by solvent, after which the coated plates and rubber samples were placed in a mold 
and vulcanized in a press under the optimum vulcanization conditions for the particular rubber. The projecting 
edges of the treated rubber-metal specimens were cleaned off and the specimens were tested as described above. 


EXPERIMENTAL 


The subject of this paper is a study of the influence of fillers in the rubber on the bonding of rubber to 
metal by Leukonat adhesive in vulcanization. As is known, fillers play an important part in vulcanized natural 
and especially synthetic rubbers. The physicomechanical properties of rubbers can be varied over wide limits 
by addition of various fillers, Fillers may be divided into two groups according to their effects on the physico- 
; mechanical properties of the vulcanized prod- 
ucts; reinforcing and inert fillers. The com- 
monest fillers used in the rubber industry are 
various carbon blacks. No single existing theory 


e accounts for all the variety of effects associated 

Qe with filler reinforcement. It has been shown 

B however, that reinforcement is influenced by 

= Pa such factors as the degree of dispersion and the 

g o shape of the filler particles, the nature of the 

eS) secondary structures formed by them, and the 

2 surface properties of the filler particles [9]. 

. peeling rate, cm/sec It is now known that the surface of a chan- 
nel black particle is not chemically inert. Chem- 

Fig. 2. Work of peeling of rubbers containing different ical groups containing hydrogen and oxygen are 


carbon blacks, from steel; 1) gas channel black, ad- 
hesive on rubber after peeling; 2) lamp black, adhe - 
sive on rubber; 3) jet black, most of the adhesive on 
rubber; 4) without carbon, most of the adhesive on 
metal; 5) thermal black, adhesive on metal. 


present on this surface. The oxygen is usually 
present in the carbon black structure entirely in 
the form of oxygen-containing groups. Several 
papers have appeared in the literature [10] on 

the chemical nature of the channel black surface, 
in which it is stated that the following groups 
may be present in the surface of channel black 


*A special device was designed for applying a thin uniform film of adhesive to the metal. 
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Fig. 3. Work of peeling of different rubbers, contain - 
ing different fillers, from steel; 

a) SKN-26: 1) gas channel black, adhesive on rubber 
after peeling; 2) without carbon, most of the adhesive 
on the metal; 3) thermal black, peeling along the 
rubber, adhesive on the metal; 

b) NR: 1) gas channel black, adhesive on the rubber; 
2) without carbon, peeling along the rubber, adhesive 
on the metal; 3) thermal black, rubber torn out in 
places, adhesive on the metal; 

c) SKS-30: 1) gas channel black, adhesive on the rub- 
ber; 2) without carbon, rubber torn, adhesive on the 
metal; 3) thermal black, rubber torn, adhesive on the 
metal, 


% —-N=C =O added 


/ a 


Fig. 4. Effect of heating Leukonat adhesive at 120° 
on its isocyanate group content. 


particles; phenolic, carboxylic, quinone, ketone, . 
aldehyde, peroxide, hydroperoxide, ester, alco- , : 
holic, etc, The complex nature of the chemical 
behavior of the carbon surface is a consequence 
of this diversity of the chemical groups present. 


As is known, the carbon black surface ad- 
sorbs rubber and certain ingredients of rubber mix- 
es. The adsorbed ingredients and those dissolved 
in the rubber participate in different ways in vul- 
canization, oxidation, or aging. Moreover, cata - 
lytic processes should occur at the carbon black 
surface, activated by condensation of the sub- 
stances in adsorbed layers and orientation of their 
molecules [11]. On the other hand, a part of the 
ingredients adsorbed on the carbon reacts chemi- 
cally with the carbon surface and is thereby deac- 
tivated [12]. There is no doubt that the nature of 
the carbon surface must play an important role in 
rubber-metal bonding. 


A paper was published in 1952 [13], describ- 

ing the use of an adhesive containing carbon black 
(of the channel black type) as an intermediate 
layer between the material causing adhesion to 
the metal (brass, and to chlorinated rubber) and 
the rubber. The adhesive containing the carbon 
black was made in a mixer from a mix made on 
rolls and in a ball mill into which the raw rubber 
and the other ingredients were introduced directly. 
The greatest bond strength was obtained with the 
use of the adhesive made in the ball mill. The in- 
vestigation showed that the adhesive made in the 
ball mill contained the carbon black particles in 
the form of floccules, while the flocculation was 
considerably less in the adhesive made in the mixer. 
The authors consider that the carbon black parti- 
cles in the floccules are incompletely wetted by 
the adhesive and are therefore able to react di- 
rectly with adjacent surfaces. The effect of the 
pH of the carbon black added to the adhesive on 
the rubber-metal bond strength was also studied. 
It was found that the rubber~metal bond strength 
increases with decreasing pH of the carbon black. 
The diversity of the functional groups present on 
the carbon black surface is, in the opinion of the 
authors, an adequate explanation of this increase 
of adhesion. 


* 


It was mentioned earlier that isocyanates 
react very readily with substances containing 
groups with active hydrogen. In view of this 
property of isocyanates it was of interest to see 
how introduction of different kinds of carbon 
black into the rubber would influence its adhesion 
to a Leukonat film. The following blacks were 
tested: gas channel, furnace, jet, lamp and thermal. 
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The material to which various fillers were added was "Nairit” rubber, as it has fairly high strength both 
with and without fillers, so that adhesive peeling of the rubber from metal can be obtained in most Cases, 


: Composition of Nairit Mix 


Nairit B 

Zinc oxide / 
Magnesium oxide 
Stearic acid 


100 parts by weight 


5.0 ¥ 
7.0 
iO a 


113.0 parts by weight 


Fifty parts by weight of the different carbon blacks was added to this mix. The rubbers were bonded to 
steel plates cleaned with No. 100 emery paper. The metal surfaces were sandblasted only in special cases, which 


will be mentioned. 


%Jo isocyanate group added 


E 
/ 
WZ 


1 3 J 4 hours 


Fig. 5. Variation of the isocyanate group 
content of Leukonat on heating with channel 
black at 80, 100 and 120°. 


specific work of 
seen! ergs/cm” 
S 


10 
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peeling rate, cm/sec 


Fig. 6. Effect of type of filler on the bonding of butyl 
rubber to steel by means of Leukonat adhesive: 1) 
without carbon, adhesive on metal after peeling; 2) 
with thermal black, adhesive on metal; 3) with gas 
channel black, adhesive on metal, carbon particles 


on adhesive. 


Figure 2 shows a series of adhesion diagrams for rubbers containing different carbon blacks. It is seen 
from Figure 2 that some blacks have a significant influence on the adhesion of rubber to metal with the use of 
Leukonat. Unfilled Nairit rubber has high adhesion to Leukonat film, but when it is peeled away most of the 
adhesive remains on the metal, so that the adhesion of the Leukonat film to metal is still higher. When active 
fillers of the channel black type are added to the rubber, the strength of the rubber-metal bond decreases, and 
the nature of the peeling changes: the adhesive film is attached to the rubber. Addition of thermal black (a 
filler of low activity) to the rubber produces some increase of the rubber-metal bond strength, the adhesive re- 
maining on the metal and the peeling being mainly cohesive in character, 


It was next decided to test how the same carbon blacks influence the bond strength between metal and 
other rubbers with Leukonat as adhesive. Two most characteristic types of carbon black — gas channel and ther- 
mal— were used for these experiments. Three rubbers were tested: butadiene ~acrylonitrile (SKN=26), natural 
(NR) and butadiene~styrene (SKS-30), The compounding formulas are given in the table. 


Figure 3 shows adhesion diagrams for the bond strengths between metal and rubbers based on SKN~=26 (Fig- 
ure 3a) NR (Figure 3b) and SKS-30 (Figure 3c) containing different carbon blacks. 


The results given in Figure 3 show that in all cases, irrespective of the type of rubber, the presence of 
channel black in the rubber results in decreased rubber-metal bond strength, with the adhesive film attached to 
the rubber, while in presence of thermal black high adhesion of rubber to metal is obtained, and the peeling 
remains of the same character as with unfilled rubbers, i.e., the adhesive remains on the metal. Therefore the 
carbon added to the rubber is involved in the mechanism of rubber-metal bonding by means of Leukonat adhe- 
sive. To confirm this, in the following series of experiments the interaction of carbon blacks directly with the 
Leukonat adhesive was studied. The experimental procedure was as follows: 0.16 g of carbon black and 0.6 g 
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Compounding Formulas for the Rubber Mixes in Parts by Weight 


Rubber and ingredients 


Natural rubber 


SKN -26 100.0 
SKS-30 = 

Stearic acid 0.5 
Zine oxide 5.0 
Captax 0.8 


Thiuram 

Gas channel black 
Thermal black 
Sulfur 


of Leukonat adhesive was put into a glass tube. The tube was sealed and heated in a thermostat; it was then 

opened, the carbon was filtered off from the adhesive and repeatedly washed on the filter with dichloroethane 
until traces of isocyanate could no longer be detected in the washings. The isocyanate content of the solution 
was determined by titration. 


As has already been stated, isocyanates are chemically very active and have a tendency to cyclization in 
certain conditions, resulting in a decrease of the isocyanate group content. It was therefore necessary to deter- 
mine whether high temperature may itself produce the changes which occur in isocyanates on heating. Experi- 
ments were carried out in which Leukonat was heated by itself (without carbon black) for 1, 2, 3 and 4 hours at 
120° (the most.severe conditions used in the present investigation). The results of these tests, given in Figure 4, 
show that when Leukonat is heated at 120° for 4 hours its isocyanate group content is practically unchanged. The 
results obtained in heating of channel black with Leukonat adhesive at 80, 100 and 120° are given in Figure 5. 
From these results it was possible to calculate the apparent activation energy of the reaction of channel black 
with triphenylmethane triisocyanate by means of the Arrhenius equation. The apparent activation energy was 
found to be 8900 cal/mole. 


Experiments in which thermal black was heated in sealed tubes with Leukonat showed that in these condi- 
tions thermal black does not react with triphenylmethane triisocyanate, and the isocyanate group content of the 
adhesive remains practically unchanged. These experiments showed that the nature of the filler present in the 
rubber influences the bonding of the rubber to metal by means of Leukonat. A comparison of the data on rubber~ 
metal bonding with the results of experiments on the influence of the filler on the properties of the adhesive it- 
self gives rise to the following picture. 


Unfilled rubbers of the types studied are firmly bonded to metal by means of Leukonat adhesive. This 
means that the film of adhesive is bonded equally well to the rubber and to the metal during vulcanization. 
However, when the rubber is peeled away from the metal most or all of the adhesive (depending on the type of 
the rubber) remains on the metal, and therefore the adhesion of the Leukonat film is somewhat greater to metal 
than to rubber. 


On addition of an active filler of the gas channel black type to the rubber, the interaction of one of the 
surfaces (the rubber) with the adhesive film is greatly intensified. The bonding at the adhesive -rubber boundary 
is now effected not only by interaction between isocyanate and rubber, but also by interaction of the adhesive 
with groups containing active hydrogen, present on the carbon black surface. The number of active centers with 
which the isocyanate can interact is increased. The interaction between the metal and the adhesive film re- 
mains the same as before. Therefore during the bonding process the isocyanate groups react sooner with the more 
active rubber surface (the adhesive film is attached to the rubber) and the adhesion to the metal is decreased. 
Inactive fillers of the thermal black type introduced into the ‘rubber have little influence on the processes occur- 
ring at the adhesive-rubber boundary. The peeling in this case remains of the same character as with unfilled 
rubbers (the adhesive remains on the metal after peeling). 
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Fig. 7. Effect of treatment of the metal surface on its 
bond strength with Nairit rubber: 1) with channel 
black, metal cleaned with emery paper, adhesive on 
rubber after peeling; 2) with thermal black, metal 
cleaned with emery paper, large pieces of rubber torn 
out; 3) with channe! black, metal sandblasted, peel- 
ing along the rubber; 4) with thermal black, metal 
sandblasted, peeling along the rubber. 
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Fig. 8. Effect of treatment of the metal surface on its 
bond strength with butyl rubber containing gas channel 
black: 1) metal cleaned with emery paper, adhesive 


on metal after peeling; 2) metal sandblasted, adhesive 


on metal. 


Experimental data providing further confirm - 
ation of these views are presented below. Most of 
the rubbers studied have fairly good adhesion to 
Loukonat films, without added fillers. The adhe - 
sion of butyl rubber to the Leukonat film is very 
low (Figure 6), The results of the experiments 
lead to the following empirical rule: if the rubber~ 
metal bond strength produced by Leukonat is high, 
this means that both surfaces in contact with the 
Leukonat film interact with it with approximately 
the same intensity. This corresponds to the bond- 
ing of most unfilled rubbers. 


If an active filler is added to such a rubber, 
one of the surfaces becomes more active, the ad- 
hesive becomes attached to it first, and the total 
bond strength produced is low. When unfilled butyl 
rubber is bonded to metal, the rubber surface has 
the lower intensity of interaction with the adhesive 
film; in this case addition of a filler of the gas 
channel black type may increase the intensity of 
interaction between the rubber and the adhesive 
film, thereby increasing the bond strength between 
the butyl rubber and the metal. Addition of a fil- 
ler of the thermal black type to such a rubber should 
not greatly increase the adhesion of the rubber to 
the adhesive film. The experimental data in Fig- 
ure 6 confirm this view. Thus, it is demonstrated 
once again that carbon black present in rubber is 
directly involved in bond formation at the adhe- 
sive -rubber boundary when rubber is bonded to 
metal by means of Leukonat. 


It is well known from experience in the use 
of Leukonat adhesive that the metalshould be sand- 
blasted to obtain a sufficiently high bond strength 
between metal and rubber with the aid of this ad- 
hesive. It is reported in a number of papers that 
Leukonat adhesive softens during vulcanization and 


leaks out of the mold. It was assumed that sandblasting of the metal prevents leakage of the adhesive, thus in- 
creasing bond strength. However, as has been shown in the present investigation, good bond strength can be ob- 
tained also with smooth metal surfaces if the rubber formulation is suitably chosen (unfilled rubbers of a number 
of types, rubbers with thermal black), Therefore this is not the sole cause of poor bonding with smooth metal 
surfaces. It was also believed that sandblasting increases the contact area between the metal and the adhesive 
film, with greater bond strength as a result. Several experiments were performed to test this; it was found that 
sandblasting increases the true surface area of the metal by a factor of 1.5-2, while the bond strength becomes 
20-100 times as great. Therefore increase of the contact area is also not the main cause of increased bond 
strength. The probable reason is that a sandblasted metal surface differs qualitative ly from a surface which has 
not been so treated. The interaction intensity of adhesive films with such surfaces increases (Figure 7). 


By sandblasting the metal surface we tend to equalize the degree of interaction of the Leukonat film with 
oo bee ih and the rubber. The test results in Figure 7 show that rubber containing an active filler is bonded 
fairly firmly to a sandblasted metal surface: the peeling is cohesive in character, Sandblasting is quite ineffect- 


ive for bonding rubber containing thermal black. As has already been stated, when butyl rubber (with or without 


fillers) is bonded to metal by means of Leukonat adhesive, the adhesive re mains on the metal in all cases 


Therefore in this instance it is necessary to seek methods of increasing the activity of the rubber, for improving 
, 
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the bond strength. Sandblasting of the metal does not result in any considerable increase of bond strength. 
The slight increase of bond strength is evidently the result of an increase of the contact area of the sand- 
blasted metal (Figure 8), 
SUMMARY 


1, In bonding of rubber to metal by Leukonat adhesive, the type of filler present in the rubber has a very 
great influence on the rubber-metal bond strength. 


2. Active fillers of the gas channel black type in the rubber mixture increase the interaction of the rubber 
with the adhesive film. 


3. Inactive fillers of the thermal black type have little influence on the interaction of the rubber with the 
adhesive film. 


4. The results of the experiments suggest that Leukonat interacts chemically with active fillers present in 
the rubber during the bonding process, 


5. The following empirical rule is formulated: high rubber-metal bond strength is obtained if the inter- 
action of the adhesive film with the rubber is approximately of the same degree as with the metal. This rule 
is supported by the experimental data. 


6. Sandblasting of the metal surface increases the true contact area by a factor of 1.5-2, while the bond 
strength is increased 20 to 100 times; this indicates that qualitative changes occur in the surface on sandblasting 
and that the nature of the metal-adhesive interaction is greatly changed in the process. 


It is difficult to explain this other than on the assumption that the charge of the double layer at the metal- 

adhesive boundary is increased, and in consequence the work of separation of this layer at the boundary is greater. 
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EFFECT OF MERCAPTOBENZOTHIAZOLE ON: STRUCTURAL CHANGES 


\ 


IN RUBBER ON OXIDATION, HEATING, AND PLASTICIZATION 


B. Dogadkin, A. Dobromyslova, L. Sapozhkovatand I. Tutorsky 


Mercaptobenzothiazole (MBT, Captax) belongs to a class of compounds which, owing to presence of SH 
groups, are vigorous activators of rubber plasticization. 


The first report of the plasticizing action of mercaptans is contained in a paper by Williams and Neal [1]. 
Subsequently some of these compounds (8 -naphthylmercaptan, xylylmercaptan, etc.) were used in technological 
practice, designated as RPA (Rubber Péptization Agents), This name shows that it was originally believed that the 
plasticizing action of these compounds consists of peptization of the structural formations in the rubber. However 
our investigations showed that the acceleration of the plasticization process caused by mercaptans is largely the 
result of their influence on the interaction between oxygen and the rubber. Other authors [2] reached a similar 
conclusion, Our principal experimental data on the influence of mercaptobenzothiazole on oxidation and plas- 
ticization of rubber are given below.** 


Effect of mercaptobenzothiazole on oxidation of natural rubber. There were no direct experimental data 
in the literature on the influence of mercaptans on the oxidation of rubber. We therefore carried out experiments 
on the kinetics of rubber oxidation in an apparatus of the Kohman type [3], at atmospheric, approximately con- 
stant, oxygen pressure, by measurement of the volume of the gas absorbed. The rubber was placed in the absorp- 
tion vessel in the form of films de posited from solution on glass plates. The films were 0,015-0.02 mm thick. 
Figure 1 shows that addition of MBT significantly influences the oxidation of rubber, shortening the induction 
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Fig. 1. Kinetics of oxidation of rubber at 100°: Fig. 2. Variation of the viscosity of rubber solu- 
1) without MBT; 2) with 0.31% MBT; 3) with tions as the result of oxidation: 1) without MBT; 
0.78% MBT; 4) with 1.55% MBT. 2) with 1.55% MBT. 


period and increasing the oxidation rate during the principal steady period. The apparent activation energy of 
oxygen absorption, calculated from data on the principal temperature over the temperature range of 100 to 120°, 


* Deceased 
* These results were obtained in 1942-1944 and are given in the reports of the M.V. Lomonosov Institute of Fine 


Chemical Technology, Moscow, and in L. Sapozhkova's dissertation "Investigation of the Chemical Factors in 
the Plasticization of Rubber" (Moscow, 1947). 
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Fig. 3. Variation of the viscosity (1, 2) and mole- 
cular weight (3, 4) of rubber with the amount of 


oxygen absorbed: 1,3) rubber without MBT; 2,4) 
rubber with 1.55% MBT. 


Fig. 5. Apparatus for determination of viscosity 
from the time of rolling of a ball in rubber solu- 
tion. 


to pump 


Bulb 1 


Fig. 4. Tube with ball for determin- 
ing viscosity of rubber solutions. 


is ~17 kcal/mole for pure rubber, and ~12 kcal/ 
/mole for rubber containing 1.55% MBT. 


Oxidation of rubber in presence of MBT results 
in a greater decrease of solution viscosity than that 
found for rubber without MBT (Figure 2). This vis- 
cosity decrease is caused by scission of the molecular 
chains in the rubber, as is shown by data on the mole- 
cular weight of the rubber, determined by the osmotic 
method [4]. Degradation of the rubber occurs mainly 
during the initial (induction) period, and after 3 hours 
of oxidation the average molecular weight already 
falls from 200,000 to 54,000 (Table 1). A compari- 


son of the molecular weight determined by the osmotic method (Mg) with the value calculated from viscosimet- 
ric data (M,) indicates that the chain configuration remains practically unchanged during oxidation in presence 
of MBT. Therefore MBT not only accelerates the oxidation of rubber but favors preferential scission of the 


molecular chains without any appreciable secondary processes of structurization. 


This is seen particularly clear- 


ly in examination of curves showing the relative decreases of viscosity and molecular weight (Figure #),) as func- 


tions of the amount of oxygen absorbed. 


The accelerating effect of mercaptans on oxidation of unsaturated compounds has not been adequately 
considered or studied experimentally. Ziegler's paper [5] merely mentions that oxidation of benzodime thylful- 


vene is accelerated in presence of thiophenol. 
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Fig. 6. Plasticization kinetics of aatural rubber at 120° (a), at 150° (b) and at 100° (c): 1) 
in air without MBT; 2) in air with 1.55% MBT; 3) in nitrogen without MBT; 4) in nitrogen 


with 1.55% MBT. 
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In our opinion, MBT may act by the following mech- 


Trel anism. At high enough temperatures a reaction occurs with 
formation of HO,* and RS* radicals: 
g 
e RSH + Og ~> RS* + HO,*. 
6 : 
Interaction of RS* radicals with a-methylene groups 
sf : in the rubber molecule (KaH) results in regeneration of the 
” mercaptan and formation of a polymeric radical (Ka*) which 


ze 


4 initiates an oxidation chain: 
g- 
0 ae ee ea RS* + KaH = RSH + Ka*; 
plasticization time, min. Ka* + OQ, > KaO0O*, etc, 


Fig. 7. Viscosity variations in plasticiza- 
tion of natural rubber at 100° (designations 
as in Figure 6). 


The HO,* radical probably reacts with the double bond 
to form a hydroperoxide group, subsequent decomposition of 
which results in formation of an epoxide group and oxygen 
in active form. 


ABLE 


Change of Molecular Weight of Rubber on Oxidation 


Rubber Mv 


Smoked sheet before 106,000 
oxidation 
Ditto, after oxidation 


for 3 hours at 120° 


33,000 


The possibility is not excluded that the oxidation may be accelerated by an oxidation chain transfer mech- 
anism as the result of direct interaction of peroxide radicals with MBT: 


KaOO* + RSH — KaOOH -+- RS*; RS* + KaH > RSH -++ Ka*; Ka* + O,— KaOO*. 


Effect of mercaptobenzothiazole on thermal decomposition of rubber on heating in solution. The possi- 


bility of the thermal degradation of the molecular chains of natural rubber has been often discussed. Bolland [6] 
showed that no structural changes occur in solid purified rubber heated in a vacuum at temperatures up to 200°. 
We obtained similar results [7] in experiments with sodium butadiene rubber heated to 200°, Later, Watson [8], 
as the result of experiments in which natural rubber dissolved in chlorobenzene was heated at temperatures up 
to 120°, concluded that there is a possibility of purely thermal decomposition of the natural rubber molecules, 
containing a special type of weak bonds, the concentration of which is one bond per 1.3- 10* monomer units. 


The procedure used by Watson was similar to that used by us in earlier experiments,* in which we also 
found appreciable changes in the viscosity of rubber solutions heated to 100° in a nitrogen atmosphere. As we 
considered that the procedure used did not ensure complete removal of oxygen from the system,** we worked 
out a method whereby the action of oxygen was excluded to a greater extent when the rubber solutions were heat- 
ed. The glass apparatus, shown diagrammatically in Figure 4, was repeatedly evacuated and filled with pure 
nitrogen in the heated state. A weighed quantity of MBT was then introduced into the bulb 2, followed by re- 
distilled benzene saturated with nitrogen. The bulb 1, which contained a stainless steel ball 4 mm in diameter, 
was filled with 2% solution of purified rubber, all the purification stages of which (extraction, solution, reprecip- 
itation and drying) were performed in a special apparatus in a nitrogen atmosphere. The apparatus was connected 
to a pump; after some of the benzene had been pumped out of bulb 2 the remaining benzene was frozen, while 
the benzene in bulb 1 was pumped out completely on heating to 35-45°. The residual pressure was 3-4 mm. 


*See L.F, Sapozhkova's dissertation, the Lomonosov Institute of Fine Chemical Technology (Moscow, 1947). 
**In Watson's experiments the rubber contained 0.25% of oxygen. 
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The apparatus was then again filled with pure nitrogen, the benzene in bulb 2 was poured over into bulb 1, and 
this bulb was then sealed off; the rubber in it was dissolved in the benzene, and the solution was heated to 100° 
in a thermostat. Structural changes in the rubber were characterized by the relative change of viscosity, cal- 

culated by the equation (Tg ~ Ty)/To, where To is the time for the ball to roll (between two marks on the bulb) 
before heating, and Ty, the time after heating. The bulb was fixed at a definite angle to the horizontal (Figure 


5). 


Table 2 shows that very little change of solution viscosity is produced by heating to 100°, and MBT does 
not increase thermal degradation of the rubber. These viscosity changes are reversible; if the solutions are kept 
in the dark at room temperature the viscosity gradually increases and in 100 hours already returns to practically 
its original value (Table 3). Froim this it may be concluded that the viscosity decrease in rubber solutions heated 
to 100° is to be explained by deaggre gation of secondary structural formations in the rubber, which may be as~ 
sociated with the presence of oxygen-containing functional groups in the rubber molecules. Thermal dissociation 
of the rubber molecules into free radicals evidently does not occur on heating to 100°, since mercaptobenzothia~ 
zole and other free radical acceptors do not influence the course of the reversible thermal change of solution 
viscosity. 


TABLE 2 


Changes in the Viscosity of Rubber Solutions on Heating at 100° 
in a Nitrogen Atmosphere 


Duration of |Solution without MBT Solution with 1.55% MBT 
heating, T, sec 


minutes 

0 67 
15 55 
30 = 
45 56 
60 ce 
100 50 
120 == 
160 53 
180 = 
800 53 
360 53 

TABLE 3 


Restoration of Viscosity on Storage of Solutions in the Dark at 
Room Temperature 


2% rubber 
solution 


Initial vis- 
cosity in 
seconds 


Viscosity | Viscosity after storage 
after heat- for 
ing at 100°] 48 hours 
in seconds 


100 hours 


Without 
MBT 
With MBT 


53 


50 


Effect of merca ptobenzothiazole on plasticization of natural rubber. The experiments on plasticization 


rubber wee first performed in a specially constructed closed mixer with Z-shaped blades rotating at 24 and 
30 revolutions per minute [9]. Two cocks fitted in the airtight lid were used for evacuation of the mixer and 


a admission of eS required gas (nitrogen, air, nitrogen-oxygen mixture) after the rubber had been putin. The 
mixer was electrically heated; the temperature in the range of 50-175° w 


as regulated to the nearest + 2.5°. 


428 


[7] 
20 
15 


10 


a 
10 2 IO WO 


Fig. 9. Variation of the intrinsic viscosity of NR 
during mastication; 1) in air; 2) in nitrogen 
containing 0.5% O,; 3) in nitrogen. 


bound MBT,% 


20 YQ 60 80 
mastication time, min 


Fig. 11. Kinetics of MBT addition during masti- 
cation of NR in air. The numbers represent the 
amounts of MBT introduced (in %). 


bound MBT,,% 


YO 30 60 


mastication time, min 


Fig. 10. Kinetics of MBT addition during masti- 
cation of NR: 1) in air; 2) in nitrogen contain- 
ing 0.5% O,; 3) in nitrogen. 


bound MBT,% 


w ab 630 YO 50 60 
mastication time, min 


Fig. 12. Kinetics of MBT addition during plasti- 
cization of polyisobutylene: 1) in air; 2) in ni- 
trogen. 
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. . °o 
Nitrogen was made free of oxygen by passing it over copper gauze at 475-525". 


din air at 120°. In both 


Figure 6 represents the plasticization kinetics of natural rubber in nitrogen an 
Similar results were 


cases MBT increases the rate of the process, and is more effective in plasticization in air. 
obtained in experiments at 100 and 150°. It is important to note that the temperature coefficient of plasticiza- 
tion of rubber in a nitrogen atmosphere (without MBT) is negative and at 150° practically no plasticization oc- 
curs. Structural changes in the rubber are characterized by the viscosity variation curves shown in Figure 7. It 
is seen in Figure 7 and also in Table 4 that mercaptobenzothiazole has a strong effect in decreasing the average 
molecular weight of the plasticized rubber. Thus MBT is involved both in thermooxidative and in mechanical 
processes of rubber degradation during mastication, In the latter case the mechanism of its action is probably 
in accordance with the views advanced by Pike and Watson [10] and other authors. 


As has just been stated, mechanical degradation of the molecular chains during plasticization has a nega~ 
tive temperature coefficient. For a clearer determination of the role played by MBT in mechanical plasticiza- 
tion of rubber, experiments were performed at temperatures not exceeding 30°.* Specially designed micro-rolls 
fitted in a "nitrogen" closet (Figure 8) filled with the required gas (nitrogen, argon, air). The inert gas was 
passed through the closet until the exit gas was free from oxygen (cuprammonium solution was used as indicator). 
To prevent leakage of air into the closet, excess gas pressure was used. Cooling was effected by circulation of 
water through the hollow rolls, Natural rubber (smoked sheet), previously extracted with cold acetone in a ni- 
trogen atmosphere, and several synthetic rubbers of different structures were used. 


TABLE 4 


Variation of the Molecular Weight of Rubber in Plasticization 


Plastici - 
zation 

time in 
minutes 


Material studied 
tor 


Original rubber 216 
Rubber plasticized 57 
in air 
Ditto, in nitrogen 107 
Rubber plasticized 35 
with 1.55% MBT 
in air 
Ditto, in nitrogen 712 


Figure 9 shows that at 30° the plasticization of rubber, as measured by change of intrinsic viscosity, is 
more rapid in air. MBT is found to combine with the rubber (Figure 10), more rapidly in air than in nitrogen. 
This addition proceeds by a more complex mechanism thanthat of a simple bimolecular action, as shown by the 
consumption of MBT as a function of the concentration (Figure 11), The type of rubber has a significant influ- 
ence both onthe plasticization rate and on the addition of MBT. Table 5 shows that, for a given plasticization 
time, the amount of MBT added to the rubber increases with increasing contents of 1-4 structure in its mole- 


cular chains, Addition of MBT occurs also in plasticization of polyisobutylene, which does not contain double 
bonds in its molecules (Figure 12), 


Te elucidate the mechanism of the addition of MBT to rubber during mastication, a study was made of 
the distribution of the combined MBT between fractions of different molecular weight in the rubber. 


Natural rubber, extracted with cold acetone ina nitrogen atmosphere, was masticated for 20 minutes on 
cold rolls with addition of 1 part by weightof MBT, tagged with radioactive $* in the sulfhydryl group. The 
masticated product was fractionated by the inethod of A.S. Novikov and F.S, Tolstukhina. Methyl Seka was 
added dropwise with stirring to 1% solution of rubber in benzene at 35° until the solution became turbid, The 


temperature of the solution was then raised by 2-3° until it became quite clear, and the solution was stirred for 


*These experiments were performed in 1955. 
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1 hour at that temperature. The temperature was then again lowered to 35°; the solution was held at that tem- 
perature for 24 hours until the liquid above the precipitated fraction became quite clear. The liquid was de- 
canted off, and the precipitated fraction was purified by threefold precipitation by methyl! alcohol from benzene 
solution, Neozone (pheny]-8 -napthylamine) was added each time to the solution. The isolated fraction was 
then dried under vacuum until the solvent was completely removed, dissolved in benzene, and analyzed for MBT 
by the radiometric method, the radioactivity of the film being determined. The intrinsic viscosities of benzene 
solutions of the fractions were determined. 


TABLE 5 The results obtained are given in Table 6. Table 6 
shows that the amount of combined MBT increases consid~ 

Binding of MBT by Rubbers of Different Struc- erably (up to a certain limit) with decreasing molecular 

ture During Mastication for 20 Minutes in Air weight of the fractions. This shows that there is a direct 


connection between the reactions of mechanical degrada- 
tion of the rubber molecules and of MBT addition. The 
lower MBT content of the last fraction can be attributed 

to the fact that this fraction contains the low molecular 
portion of the original rubber, which is less prone to mech- 
anical degradation under shearing stresses. 


Content of MBTpbound 
1-4 bonds MBT total 


From the results given in Table 6, and from the 
fact that during mastication MBT combines with saturated 
polyisobuty lene, while in the case of unsaturated compounds the addition of MBT increases with increasing con- 
tents of diallyl bonds of 1-4 structure, the following mechanism can be postulated for the addition of MBT to 
rubber during mastication in an inert gas atmosphere. When the mechanical strains arising along the elastomer 


tABLE <6 


Contents of MBT in Different Fractions of Masticated Rubber 


Fraction Precipita - Weight of Average radi- Amount of com- 
No. tion tem- fraction, ation activity bined MBT in 
perature, in g (n) with back- moles/liter x 10° 
°C ground correc~ 
tion 
Not fraction- oe 23 12.0 546 1 = 
ated 

1 35.3 6 27 29 0.0531 3.21 

2 26.7 7 24.5 50 0.0915 0.45 

3 20.4 b) 10.2 60 0.11 6.22 

4 9.5 3 8.0 39 O.0715 |. 4,28 


chains in a field of large shearing forces exceed the energy of the =CH—CH, 1 CH,—CH = chemical bond, 
which is approximately 40 kcal/mole, these bonds are broken to give stable polymeric radicals of the allyl type: 


CH, CH 
| | 
Roe cn Cn, = Ce, Cah ry 
CH CH; 


| * * | 
= R, —C = CH— CH, 4+ CH, —C = CH— R. 


These radicals react with MBT molecules, saturating their free valencies; this prevents their recombina- 
tion and causes a sharp decrease of molecular weight: 
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Cll, CHs 


ain : N | 
By —G= Ch — CH, po R, —.G = CH — CH; 
a + C aS N 
Rich Cian cH" Nats than gurar ne 
Ss = CO OHgAe 2 Chie: Gall 
CHa R,CH CII, S Sa 6tt4a 
CHg Ss 
N. 
as 
The benzothiazole radical Cg, C — S*, formed by removal of an H atom from the MBT molecule, 
ees 


does not initiate a new chain by addition at a double bond in the rubber molecule or removal of an H atom 
from an a-methylene group, as is the case when rubber is heated with dibenzothiazolyl disulfide [11]. Recom- 
bination of the benzothiazolyl and polymeric radicals is more advantageous from the energy standpoint. More - 
over, the polymeric radicals formed by mechanical rupture of the macromolecules cannot be removed far apart 
owing to the high viscosity of the medium, so that the topochemical conditions also favor addition of MBT to 
two polymeric radicals. 


SUMMARY 


1, Mercaptobenzothiazole (MBT) accelerates the oxidation of natural rubber and considerably increases 
the rate of its oxidative degradation. 


2. When benzene solutions of natural rubber are heated in an inert gas atmosphere at 100°, no irreversible 


Fi a ° ene 
changes occur in the rubber whether in presence or in absence of MBT. 


3. Plasticization of natural rubber in air at 100-150° is intensified in presence of MBT, which is caused 
mainly by the accelerating action of the latter on the oxidative degradation of rubber. 


4. Mercaptobenzothiazole assists plasticization of rubber at low temperatures in an inert gas atmosphere, 
MBT is consumed in the process, owing to its interaction with the polymeric radicals formed by mechanical 
rupture of the rubber molecules. 


5. The amount of MBT reacti ith the rubber increases with increasing contents of 1-4 structure in the 
rubber molecules. 


6. It is shown that different fractions of the masticated product contain different amounts of MBT, indica- 
ting that MBT reacts preferentially with the end valencies of the radicals formed by cleavage of diallyl bonds. 
eal 


7. Reaction schemes for the interaction of MBT with rubber in mechanical and oxidative processes are 
suggested, 
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10. GLOBULIZATION OF RUBBER UNDER THE ACTION OF NONSOLVENTS 
ADDED TO SOLUTIONS 


* P.1. Zubov, Z.N. Zhurkina and V.A...Kargin 


It has been shown [1-4] that under certain conditions it is possible to obtain globular structures from ordi- 
nary linear polymers. Globulization of the molecules in these cases was induced by formation of intramolecular 
bonds between active groups which were either present in the molecular chains or were introduced into them in 
various ways. Globular structures of certain proteins, gelatin, casein and synthetic and natural rubbers were ob- 
tained, In a number of properties, namely: solubility, solution viscosity, mechanical properties of films and 
others, the polymers with "globular" molecular structure differed considerably from the original polymers, evi- 
dently because of the difference in the molecular form. 


The degree of globulization was determined [1-4] mainly by measurement of solution viscosity. It is 
known, however, that changes in the composition of the ‘medium also produce changes of solution viscosity in | 
some instances. For example, alcohols are often used in the rubber industry for decreasing the viscosity of rub- 
ber adhesives. On the supposition that coiling of the molecules also takes place when nonsolvents are added to 
rubber solutions, we commenced an investigation of this effect. This study was also of interest because there is 
a significant difference between globulization of rubber caused by addition of active substances to solutions, and 
that caused by addition of nonsolvents. In the former case coiling of the molecules is largely the consequence 
of energy interaction, while in the latter globulization is determined by entropy effects. 7 
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Fig. 1. Effects on the viscosity of 0.25% NR solution (a), 1% NR solution (b), and 0.25% 
SK-B solution (c), of additions of; 1) methyl alcohol; 2) 10% of bromine; 3) carbon 
tetrachloride. 


The present communication contains data obtained in a study of the influence of added nonsolvents on the 
viscosity of solutions of different rubbers. The materials studied were natural smoked sheet rubber and synthetic 
rubbers, mainly of the sodium butadiene type. The solvent used was carbon tetrachloride, and the nonsolvent 
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Fig. 2. Effect of additions of methyl alco- Fig. 3. Effect of additions of bromine (1) 
hol on the viscosity of 0.5% NR solution in and methyl] alcohol (2) on the viscosities of 
CC, at various temperatures. 0.16% solutions of NR and SK-B. 


was methyl alcohol. ‘The degree of globulization of the molecules was determined, as previously, by measure - 
ments of solution viscosity. Rubber solutions: of different concentrations were used in the experiments. 


The experimental results are shown in Figure 1, where the amounts of methyl alcohol or CC], in milli- 
liters added to 5 ml of the solution (Curves 1 and 3) and the time, Curve 2 (the time is taken from the moment 
of addition of bromine to the solution; the amount of bromine taken corresponded to 10% of the unsaturated 
bond content in the rubber) are taken along the abscissa axis and the specific viscosity along the ordinate axis; 
it is seen that the viscosity decrease of the rubber solutions is proportional to the amount of nonsolvent (methyl 
alcohol) added, right up to precipitation of the rubber. The limiting value of the viscosity of rubber solutions 
in presence of the nonsolvent differs little from the viscosity of globular rubber solutions produced by bromina- 
tion. 


Experiments were carried out to determine the effects of rubber solution concentration and temperature 
on the amount of methyl! alcohol required to produce turbidity of the solution. The results show that the amount 
of methyl alcohol depends to some extent on the solution concentration (Table 1) and to a large extent on the 
temperature (Figure 2). Figure 2 gives curves for the viscosity variations of 0.5% solution of natural rubber (of 
a low degree of milling) in carbon tetrachloride on addition of methyl alcohol. The curves in Figure 2 corres- 
pond to experimental temperatures of 0, 25 and 50°. The amounts of methyl alcohol in milliliters added to 
5 ml of rubber solution are taken along the abscissa axis, and the specific viscosity of the solution along the or- 
dinate axis. Arrows indicate precipitation of the rubber. Figure 2 shows that one and a half times more meth- 
yl alcohol is needed at 50° than at 0° to precipitate the rubber. 


In dilute solutions (0.16%) of a number of rubbers precipitation of rubber occurs at practically the same 
contents of methyl alcohol, The only exception is polyisobutylene, which is precipitated at a lower alcohol 
content than the other rubbers (Table 2), 


It may be concluded from these results that globulization of rubbers by addition to the solutions of active 
substances which react with the rubber molecules (S,Cl, and ha logens) and the coiling of rubber molecules by 
the action of added nonsolvents have the common feature that in both cases the macromolecules assume a glo- 
bular configuration. Experiments carried out in order to study the kinetics of globulization of the molecules 
caused by additions of nonsolvents to the rubber solutions showed that on addition of me thyl alcohol the vis- 
cosity of the rubber solutions falls almost instantaneously and remains constant for a considerable time. In con- 
trast to this, globulization of rubber effected by the action of 20% of bromine (calculated on the unsaturated 
bonds) is clearly seen to be a function of time (Figure 3), 


The following experiments were carried out to investigate the reversability of the globulization of rubber 


436 


TABLE 2 


Variation of the Amount of CH,OH in Milliliters Required to Produce 
Turbidity, with the Concentration of the Rubber Solution 


Concentration of NR solu- 
tion in % 

Specific viscosity of solu- 
tion 

Amount of CH,OH in ml to 
produce turbidity in 5 ml 
of solution 


TABLE 2 


Amounts of CH,OH in ml Causing Turbidity in 5 ml of 0.16% Rubber 
Solutions 


Amount of 
CH3OH in 
ml 


Type of rubber Amount of || Type of rubber 


Buty 1 rubber Low-temperature No. 3 1.20 
Low-temperature No, 1 SKS-30A 1.20 
SK-B Polyisobuty lene 0.75 
Isoprene Neoprene 1.10 
SK-B No. 1, low-tem- NR, low mastication 1.10 
perature 
SK-B No. 3, high-tem- 
perature 
TABLE 3 
Effect of Additions of CH,OH and CC], on the Specific Viscosity of Rubber 
Solutions 
Concentration Specific viscosi 
of original NR jof original after addition to 10 ml of after evapora- 


solution the original solution, of 15 tion of mixture 
ml of and solution of 
rubber in CC 


solution in % 


molecules caused by addition of nonsolvents to solutions, Methyl alcohol was added to a rubber solution the vis- 
cosity of which had been determined previously, and after thorough stirring the viscosity was measured again. The 
solvent was then removed from the mixture at room temperature by means of a vacuum pump. The residual rub- 
ber was dissolved in the pure solvent (CCl,) and the viscosity of the solution was again measured. A comparison . 
of the viscosity of this solution with the viscosity of the original rubber solution before addition of the me thy] al- 
cohol gave an indication of the reversibility of the globulization of the rubber molecules caused by addition of 
the nonsolvent. To allow for the influence of other factors (oxidation, etc.) on the viscosity of the rubber solu- 
tion, a control experiment was carried out, which differed from the main experiment only by the addition of the 
same amount of pure solvent (CCl,) instead of methyl alcohol to the rubber solution. The results of these exper- 
iments showed that even on incomplete evaporation of the rubber solution containing methyl] alcohol, followed 
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d solution with pure solvent (CC) to the original concentration, the vis- 


by dilution of the resultant concentrate 
f the rubber in CCl, re- 


cosity of the solution increases, Complete removal of the solvent followed by solution o 
sults in a greater viscosity increase (Table 3). 


It seemed possible that in consequence of the globulizing action of methyl alcohol on the rubber mole ~ 


cules the solubility of rubber in a mixture of CCl, and CH3;OH should differ from the solubility in pure CCl,. 
Experiments showed that different rubbers dissolve much more rapidly in a mixture of CCl, and CH;0H than in 
pure CCl. The viscosities of solutions of rubbers in the mixture are much lower than the viscosities of solutions 
in the pure solvent. For example, a 2.5% solution of NR (of a low degree of mastication) in CC] is a nonfluid 
gelatinous mass, while a 2.5% solution of the same rubber in a mixture of CCl, and CH,OH in 6.7: 1 ratio is 
quite fluid, although viscous. An interesting feature is that, in contrast to solution in the pure solvent, solution 
of rubber in the solvent-nonsolvent mixture proceeds almost without swelling, which, natura lly, is associated 
with globulization of the molecules. : 


If a low-viscosity solution of rubber containing methy! alcohol is evaporated and the rubber residue is 
then dissolved in pure CC, the viscosity of the solution so formed differs little from the viscosity of a rubber 
solution of the same concentration, prepared without the use of methyl alcohol (Table 4). 


TABLE 4 : 


Reversibility of the Globulization of Rubber Molecules 
ee ooo 


Specific viscosities of rubber solutions 


Composition of solvent before evap-| after evap- 
oration oration and 
solution in 


CCl, 


oration and 
solution in 


oration and 
solution in 
CCl, 


CCl 16.8 

CCl,: CH,0H = 20:1 a 

CCl,: CH,0H = 10:1 = 
16.1 


CCl: CH,OH = 6.7:1 


SUMMARY 


1, Addition of nonsolvents to rubber solutions causes globulization of the macromolecules, similar to that 
occurring on addition of active substances (sulfur monochloride, halogens, etc.) to rubber solutions. 


2. The difference between these processes lies in the fact that the coiling of the rubber molecules under 
the action of methyl] alcohol is very rapid. 


3. The globular structures in rubbers, produced by addition of nonsolvents to the solutions, in contrast to 
the stable globules formed in halogenation and vulcanization of rubber solution, are easily broken down and 
the molecules assume the linear form characteristic of the original rubber. 
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SEDIMENTATION VOLUMES OF POLYDISPERSE SUSPENSIONS OF 
Ca3(PO4)2 IN ELECTROLYTE SOLUTIONS 


G.G. Kandilarov 


Earlier communications dealt with variations of the sedimentation volumes of polydisperse kaolin suspen- 
sions in relation to the concentrations of various electrolyte solutions [1,2]. It was of interest to determine the 
extent to which the results are applicable to other suspensions, and to study the influence of the electric charge 
on the particles of a suspension on its sedimentation volume. A study has been made of polydisperse suspensions 
of calcium orthophosphate in basic and acidic electrolytes with ions of different valencies (sodium hydroxide, 
normal sodium carbonate, sodium phosphate, aluminum chloride, and hydrochloric acid). Pure normal calcium 
orthophosphate (analytical reagent grade), previously ground in a mortar, was used for the investigation. It was 
found by means of electrophoresis that its aqueous suspensions are positively charged. 2 g samples of Ca3(PO,), 
were mixed with 10 ml of the given electrolyte solution and shaken during two periods of 2 minutes, with or 
without the use of a glass rod. The suspensions so formed were left to settle in a thermostat for 24 hours at 25°. 
The deposit formed generally had a curved surface, which made exact determination of its volume difficult. 
Despite this, the dependence of the volume of the Cag(PO,), sediment on the concentrations of the various elec- 
trolytes was fairly well defined. 


x 


The results of the observations are shown in Figures 1-4. 


Results for Ca3(PO4), suspensions in NaOH solutions are given in Figure la. It is seen that with increasing 
NaOH concentration in the solution the volume of the Cag(PO,)2 suspensions at first remains approximately con- 
stant; at a concentration of ~200 millimoles/liter a minimum is formed, after which the curve begins to as- 
cend. Under the same conditions the sedimentation volume and internal] friction curves for kaolin suspensions 
rise steeply. 


Figure 1b shows the results of experiments with Ca3(PO,), suspensions in solutions of NagCO3. It is seen 
that with increasing concentration of NagCO3 the volume of the Ca,(PQ,), deposits tends to decrease. In this 
case also there is a minimum (at a concentration of 500 millimoles/liter), but this is situated somewhat to the 
right of the corresponding minimum for suspensions containing NaOH. For suspensions in sodium phosphate solu- 
tions (Figure 1c) the same tendency to a volume decrease is seen, but the minimum is shifted still further to the 
right (1000 millimoles/liter). 


Finally, the results of experiments with Ca(OH), solutions (Figure 2) show the same tendency, although 
weak, to a decrease of the sedimentation volume of Ca3(PO4)). In this case, however, the curve ends at a low 
concentration of Ca(OH), owing to its low solubility. 


A comparison of the curves for the variation of the sedimentation volume of positively charged Ca3(PO4), 
suspensions in solutions of these electrolytes [NaOH, NagCOs, sodium orthophosphate, Ca(OH)g] reveals a ten- 
dency for the sedimentation volume to decrease with formation of a minimum in all cases, It was shown in 
earlier investigations [1] that negatively charged suspensions of kaolin in NaOH solutions give steeply ascend- 
ing sedimentation volume and internal friction curves. 


The opposite character of the variations of the sedimentation volumes of Cag(PO4), and of kaolin suspen- 
sions is probably related to the opposite electric charges of these suspensions. Since the Ca9(PO,), particles are 
positively charged, changes of its sedimentation volume in solutions of basic electrolytes must be associated 
with their anions, i.e., hydroxyl ions. The latter probably neutralize the positive charge of the suspensions, 
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Fig. 1. Variation of the sedimentation volume of 
Cag(PO,4), with electrolyte concentration: a)’ NaOH; 
b) NagCO3; c) sodium orthophosphate. 


Fig. 3. Variation of the sedimentation volumes of: 
1) Ca,(PO,4)2; 2) Schering kaolin; 3) Senovo kao- 
lin, with AlCl], concentration. 


thereby decreasing their hydration. In consequence the sedimentation volume of Ca3(PQ,), also tends to de- 
crease. In kaolin suspensions, however, irrespective of hydration, hydroxyl ions repel the negatively charged 
particles (of the suspensions), resulting in a loose packing of the latter, so that the sedimentation volume of kao- 
lin in sodium hydroxide solutions increases. 


/The charge of the anions also has an influence, seen in the fact that the minimum on the sedimentation 
volume curve for Ca3(PO,), suspensions shifts, from a concentration of 200 millimoles/liter for sodium hydroxide, 
in the direction of higher concentrations for carbonate and phosphate ions, which have double and triple charges 
respective ly. 


It is seen in Figure 3 that with increasing concentration of aluminum chloride (which in this case can be 
regarded as a weak tribasic acid) the sedimentation volume of Cag(PO,4)2 suspensions (Curve 1) decreases at first 
as the concentration changes to about 20 millimoles/liter, and then increases rapidly. Ata concentration of 
200 millimoles/liter the suspension becomes a mass with thixotropic properties, and the concentration-sedimen- 
tation volume curve is interrupted. It is highly probable that the increase of the sedimentation volume at high 
concentrations is the consequence of considerable hydration of the Cag(PO4), suspensions. At a concentration of 
200 millimoles/liter the suspension becomes so thick that it resembles a gel, but strong agitation again converts 
it into a fairly mobile suspension. 


At high concentrations of AlCl, the solubility of Cag(PO,), increases. With an AlCl, concentration of 500 
millimoles/liter a turbid suspension is formed, with a deposit 2.25-2.40 cc in volume at the bottom of the vessel. 
At 1000 millimoles of AIC], per liter the suspension becomes more transparent, and the volume of the sediment 
at the bottom of the vessel decreases to 0.70-0.75 cc. 


Comparison of the curve for the variation of the sedimentation volume of Cag(PO,), suspensions in alumi- 
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Fig. 4. Variation of the sedimentation volume of Cag(PO,)g 
with HCl concentration. 


num chloride solutions with the analogous curve for kaolin suspensions [1] (Figure 3, Curves 2 and 3) shows that 
the curves are opposite in character: with increasing aluminum chloride concentration the sedimentation vol- 
ume (and the internal friction) of kaolin increases to a maximum at ~5 millimoles/liter, and then decreases 
rapidly. The sedimentation volume of Cag(PO,), suspensions, on the other hand, shows a minimum at a concen- 
tration of 20 millimoles/liter. This relative position of the curves is probably connected with the opposite elec- 
tric charges of the two suspensions. 


Figure 4 shows the variations of the pH of Ca3(PO,4), suspensions after exposure to hydrochloric acid for twen- 
ty four hours at 25°. The pH values were determined potentiometrically with quinhydrone and calomel] electrodes. 
It is seen from Figure 4 that with increasing HC1 concentration the sedimentation volume of Ca3(PO,4), suspensions 
remains at one relatively constant level up to an HCl concentration of 100 millimoles/liter. However, past this 
relatively high threshold value, at which the suspension reaches pH 4.2 in twenty-four hours, Ca3(PO4), begins to 
be dissolved more rapidly, and the sedimentation volume quickly falls to zero. The relatively high threshold 
value beyond which rapid solution of Ca3(PO,), in the acid begins is noteworthy. The concentration-pH curve 
also shown in Figure 4 indicates that in reality Ca3(PO,), also dissolves at lower concentrations of hydrochloric 
acid, but because of its low content in the solution the acid is rapidly consumed in dissolving the salt, and the 
pH assumes higher values as a result. 


In view of the fact that Cag(PQ,), is present in soils or is added to soil as a phosphate fertilizer, and that 
it is present in urine (the pH of human urine is 5-7), these findings may shed some light both on the problem of 
phosphorus retention in the soil, and on the question of the formation of deposits of this salt in the human organ- 
ism. 


SUMMARY 


1. The sedimentation volume of positively charged Ca3(PO,4)2 suspensions tends to decrease with increas- 
ing concentrations of NaOH, NagCOx, sodium orthophosphate, and Ca(OH), while the sedimentation volume and 
internal friction of negatively charged kaolin suspensions in sodium hydroxide increase sharply with increasing 
sodium hydroxide concentration. It may be assumed that this opposite course of the variation of sedimentation 
volume is associated with the opposite electric charges of the suspensions. 


The curves for Ca3(PO,), suspensions have a minimum which is shifted in the direction of higher concen- 
trations with increase of the anionic charge. For NaOH solutions this minimum lies at ~ 200, for NagCOs at 
~500, and for NagHPO, at ~1000 millimoles/liter. 
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2, With increasing AIC], concentration the sedimentation volume of Cag(PO4)2 first decreases (A1C], con- 
- centration 20 millimoles/liter) and then increases rapidly. At AlCl, concentration of ~200 millimoles/liter 
the suspension forms a viscous liquid with thixotropic properties. This course of the variation is opposite to the 
vatiation of the sedimentation volume and internal friction of kaolin suspensions in solutions of the same salt, 


which may be attributed to the opposite electric charges of the two suspensions, 


3. With increasing hydrochloric acid concentration the sedimentation volume of Ca3(PO,), suspensions re ~ 
mains constant up to an HCI concentration of 100 millimoles/liter. After this relatively high threshold value, 
at which the suspension attains a pH value of 4.2 in twenty-four hours, Cag(PO,), is dissolved more rapidly, and 
the sedimentation volume rapidly falls to zero. This may to some extent explain the fixation of phosphorus in 
soils and also deposition of Ca3(PO,), in the human organism. 
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GELATINIZED EMULSIONS 


14, ETHYLCELLULOSE AS A STABILIZER OF EMULSIONS OF THE W/O T¥PE 


L.Ya. Kremnéev and G.A; Shadrin 


Ethylcellulose is known to be a stabilizer for water-in-oil ("reverse") emulsions. However, no quantita- 
tive data are available on its emulsifying action, and the structure of the protective films which stabilize the 
droplets of the disperse phase in the emulsions is not known. The present investigation deals with these ques- 
tions. Seven industrial ethylcellulose samples, differing in molecular weight and degree of ethylation, were 
used for studies of the emulsifying properties. The samples were previously fractionated. Four fractions were 


G20 Cc, mono- 

FRPP! 
Fig. 2. Isotherm for emulsification as a 
function of concentration of ethylcellulose 
of different molecular weights (indicated 
on the curves). 


isolated by means of ligroine (b.p. 89-90") from a solu~ 
tion of each sample in toluene; the molecular weights 
and ethoxyl group contents of the fractions were then 
determined. The molecular weights were calculated 
by the equation 


Fig. 1. Variation of reduced viscosity ngp/c 
with concentration c of ethylcellulose frac- 
tions. The numbers correspond to the sam- 
ple numbers in Table 1. 


where [7] is the intrinsic viscosity; M is the molecular weight of the polymer; K and a are constants. The 
values of these constants for ethylcellulose were determined by Nikurashina and Glikman [1], and are: 


For the high molecular fractions, Ke 11,8%1074..a;= 0,666; 
For the low molecular fractions, K-==.6.91074 a = 0,915. 


As in the investigation cited [1], we determined the viscosity of alcohol-benzene solutions of the fractions 
in a capillary viscosimeter at 20 4 0,05°. The values of the reduced viscosity nsp/c were used to plot graphs for 
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Fig. 3. Viscosities of ethylcellulose solu- 
tions of different molecular weights (shown 
on curves). 


Fig. 5. Differential droplet size distribu - 
tion curves for inverse emulsions stabilized 
by ethylcellulose of M = 72,160. 


weight of the polymer on emulsification, 


Fig. 4. Differential droplet size distribution 
curves for inverse emulsions stabilized by 
ethylcellulose of M = 93,330. 


TABLE 1 
Molecular Weights of Ethylcellulose Samples 


Ethoxyl number, 
To 


Molecular 
weight 


Sample No. 


1 93,330 48.66 
2 72,160 48.90 
3 46,780 48.79 
4 41,690 48.86 
5 30,080 48.73 


Nsp/¢ = f(c). Figure 1 shows that the lines cut off in- 
tercepts along the ordinate axis, corresponding to [n] 
for each sample. 


As the result of a preliminary investigation, five 
samples of different molecular weight but with similar 
ethoxyl numbers were selected (see Table 1). These 
samples were used for studying the effect of molecular 


Emulsions of water in toluene, of maximum concentration ("maximum emulsions") were prepared for the 
investigation, by our method with the use of a flexible spiral moving in a cylinder [2]. As usual, the end of 
emulsification was indicated when a successive addition of a small portion of water was no longer absorbed by 
the highly concentrated emulsion. The emulsions were diluted with xylene and subjected to microscopical dis- 
persion analysis by the usual procedure adopted in our laboratory [3]. The results of this analysis were used to 
plot differential droplet size distribution curves, and the following were calculated: the thickness Sor of the 
protective films on the droplets, the surface Sg, developed by 1 ml of the dispersion medium in maximum emul- 
sions, and the surface area Sy per molecule of the polymer in the interphase. 


Figure 2 shows emulsification isotherms, representing the maximum volume Voo Of the disperse phase in 1 
ml of the dispersion medium as a function of the concentration c of ethylcellulose of different molecular weights. 
It is seen from Figure 2 that Vg) increases with c, the curves being concave toward the abscissa axis; this, as 
in the other cases studied by us, is in agreement with the emulsification mechanism. The deviations from lin- 
earity, which increase with increasing c, are explained by the fact that when each successive portion of the dis- 
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Reverse Maximum Eniulsions Stabilized by Ethylcellulose of 
High Molecular Weight 


Ethylce lulose 
concentration Sor Soo S 8 
monomer |mole/liter | in y in m? | in A? in A’ 


mole /lite x 104 


Sample No. 1; M = 93,330 


0.05 1.24 Onrt We 1860 
0.410 2.49 O20 4.0 2660 
0.45 3.73 0.17 9.9 26410 15 200 
0.20 4,97 0.16 Gr2 2060 
0.20 6.24 0.45 6.5 1750 
Sample No. 2; M = 72,160 
0.05 del 0.56 1.8 1840 
0,10 3v22 0.20 5.0 2560 
0.45 4.82 OTe es 2430 41 770 
0.20 6.43 0.44 9.4 2330 
0,25 8.04 0.40 10.0 2050 
TABLE, *S , 


Reverse Maximum Emulsions Stabilized by Ethylcellulose of 
Molecular Weight 30,080-46,780 


Ethy lce llulose 
concentration Scr cM ier ey 
monomer in p in ww in A? in A? 


g 
mole/liter one /lite 


Sample No.:3; M = 46,780 


0.05 2,0 0,39 2,0 1660 
0.10 5,0 0,414 od 2360 
0.15 7,4 0,10 10,0 2220 7650 
0.20 9,9 0,07 14,3 2380 
0.25 12,4 0,06 16,7 2220 
Sample No. 5; M = 30,080 
0.05 3.9 0.29 3,4 1440 
0.10 thas 0.12 8,3 1780 
0.15 1G 0.07 14,3 2030 4920 
0.20 15,5 0.05 20.0 2130 
0,25 19.4 0.04 29.0 2130 


perse phase is introduced into the system, its emulsification is accompanied by further dispersion of all the emul- 
sion droplets. Thus, the degree of dispersion of the highly concentrated emulsion increases continuously (homo- 
genization occurs) during emulsification, up to the limiting value. Part of the stabilizer is expended in homo- 
genization of the emulsion. Figure 2 shows that Vg decreases with increasing molecular weight of ethylcellu - 
lose. This influence of the molecular weight of the polymer is associated with the structural features of the pro- 
tective films in emulsions, which will be discussed later. Another characteristic feature is that, at the limit, 
ethylcellulose emulsifies much smaller volumes of the disperse phase than typical stabilizers such as alkali 
soaps. This is also associated with the structure and properties of the protective films. 


Table 2 gives details of the protective films in reverse maximum emulsions stabilized by ethylcellulose 
of relatively high molecular weight. The protective film thickness 5; decreases with increasing stabilizer con- 
centration, tending to a constant value at high values of c. In this respect, polymeric emulsifiers are similar to 
the soaps studied previously. The significant difference is, however, that in the case of ethylcellulose stabiliza - 
tion of maximum emulsions is effected by much thicker protective films. It may be noted that in the case of 
sodium oleate 6,, in direct and reverse emulsions is between 0,006 and 0.01 at high soap concentrations. 


The emulsifying power, quantitatively represented by the magnitude of the film surface Sq, changes in the 
reverse emulsions. The emulsifying power of ethylcellulose is not high, and is appreciably lower than that of al- 
kali soaps, as shown by the values of Sgo. 


For an indication of the structure of the protective films it is useful to calculate the surface Sp per mole- 
are it with the surface S which the stabilizer molecule 


cule of ethylcellulose in the interphase, and to comp 
he emulsion. On the assumption that all 


would occupy if it was situated completely at the liquid interface in t 
the polymer present in the maximum emulsion is adsorbed at the droplet surfaces, we find that the surface So 


per molecule of No. 1 or No. 2 ethylcellulose is 2000-2500 Ae (see Table 2). 


Further, for an ethoxy] number of ~48.8 the degree of substitution of OH groups in the cellulose mole - 
cule is 2.5. In this case the "molecular weight" of the monomer is 232 and its degree of polymerization n = 
= 402. Then, from x-ray data on the dimensions of the cellobiose molecule [4], we find that the area S of 
a molecule of ethylcellulose No. 1 is 15,220 it Similarly, S for ethylcellulose No. Piste to ga Compari- 
son of the values of Sp and S$ leads to the highly important conclusion that the protective films of ethylcellu- 
lose, in contrast to alkali soaps, are not monomolecular but consist of several layers of polymer molecules. 


To determine the principal factors influencing the stability of the emulsions studied, the viscosities of so- 
lutions of ethylcellulose of different molecular weights in toluene were measured by means of a capillary vis- 
cosimeter at 20 4 0,05°. Figure 3 shows curves for the viscosities of solutions of three ethylcellulose fractions, 
at a concentration of 0.1 monomer-mole/liter (0.1 base-molar), for different efflux pressures P. The measure 
of viscosity is the value of Pr (r is the efflux time). It is seen that ethylcellulose solutions have structural vis~ 
cosity even at relatively low concentrations. The effective viscosity increases with increasing ethylcellulose 
concentration. Increase of the molecular weight of the polymer acts in the same direction. There is therefore 
no doubt that the dispersion medium in the emulsions is structurized. The mechanical properties of ethylcellu- 
lose solutions can be characterized by the yield value. Moreover, the solutions are thixotropic, and the spatial 
networks in them which are broken down at high pressures are restored during rest, as shown by the results of re~ 
peated viscosity determinations at initial low pressures. 


The results indicate that, in full agreement with Rebinder's theory [5], protective films in emulsions con- 
sist of two-dimensional gels, greatly solvated by the dispersion medium and having considerable mechanical 
strength. Such high polymer gel films have a strong stabilizing effect on highly concentrated emulsions and, 
having peculiar structuro-mechanical properties, they are able to withstand considerable destructive forces for 
long periods. 


_ The degree of dispersion of the emulsions studied is high; this is illustrated by the differential droplet 
size distribution curves in Figures 4 and 5.* An interesting feature is that despite the above structural peculiar- 
ities of the polymeric stabilizer films, the maximum on the distribution curves always corresponds to a droplet 
size of the order of ly. This is in full agreement with kinetic data on the emulsification process [6]. It should 
be remembered that stabilization of droplets of such limitingly small size is favored by rapid thixotropic build- 
up of the structures broken down in emulsification. 


Table 3 gives the characteristics of the protective films in maximum emulsions stabilized by two ethyl- 
cellulose samples** of lower molecular weight than those described above. 


The relationships found for the samples of higher molecular weight are also found for these samples. How- 
ever the thickness 6¢y of the protective films decreases with decreasing molecular weight of the polymer, while 
the emulsifying power, represented by Soo, increases (compare the data in Tables 2 and 3). The degree af Clae 
persion of the maximum emulsions stabilized by ethylcellulose of lower molecular weight is also high. Com- 
ao" of the values of S and Sp (Table 3) shows that, as for the polymers of high molecular weight, stabiliza - 
tion of maximum emulsions by ethylcellulose samples Nos. 3 and 4 is effected by means of gel films, 


SUMMARY 


1. Emulsions of water in toluene, of maximum concentration, have been prepared with ethylcellulose as 
For convenience the right hand regions of the distribution curves are shown se parately in the diagrams, 


ug The emulsifying properties of sample No. 4 with M = 41,690 (see Table 1) are very similar to those of.No 
3 with M = 46,780, and are therefore not given in the table. al 
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stabilizer. 


2. The emulsifying power of ethylcellulose increases and the thickness of the protective films which sta~ 
bilize the droplets decreases with decreasing molecular weight of the ethylcellulose. 


3. Maximum emulsions stabilized by ethylcellulose, like those with other stabilizers, are highly disperse, 
the maximum on the size distribution curves corresponding to droplets of the order of lp. 


4. The main factor determining the stability of the emulsions studied is the mechanically strong multi- 
molecular stabilizer gel film at the droplet surfaces. 
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COLLOIDOCHEMICAL PROCESSES IN/REACTIONS OF TETRAALKOXYSILANES 


WITH AQUEOUS ALUMINATE SOLUTIONS 


A.P. Kreshkov, L.V. Myshlyaeva and L.M. Khananashvili 


During the last decade there has been a considerable increase of interest in the organosilicon compounds. 
This is the consequence of the extension of their uses in industry and modern technology [1]. 


Particular theoretical and practical importance attaches to studies of reactions of orthosilicic acid esters 
(tetraalkoxysilanes) with various organic and inorganic compounds [2-7]. 


The present paper deals with a study of the reactions of tetraalkoxysilanes with aqueous sodium aluminate 
solutions. 


Esters of orthosilicic acid are hydrolyzed by water, with condensation of the hydrolysis products 
Si (OR), + HOH > (RO)s SiOH + ROH; 
(RO)s SiO | H + HO| Si (OR)s— (RO)s SiOSi (OR)s -+ H20 


etc., up to formation of polymeric compounds corresponding to the formula (RO)gSiOf[ Si(OR),O ]pSi(OR)3. With ex- 
cess water, further alkoxy groups are split off. 


Alkalies accelerate the hydrolysis of alkoxyl groups, and give rise to silanolates; NaOSi(OR)3, 
NaOSi(OR),OSi(OR)3, ete. 


Subsequent hydrolysis produces polydisperse systems containing small amounts of silicic acid in true solu- 
tion, colloidally dissolved silicic acids, and alkoxypolysiloxanes. Hydrolysis of tetraalkoxysilanes ultimately 
leads, as has been shown by Grimaux [8], to formation of colloidally soluble silicic acid. 


The polydisperse system: true aluminate solution — aluminum hydroxide sol in alkali, is in a state of 
equilibrium. Decrease of the alkalinity of the medium, change of temperature, and other factors may result in 
a shift of the equilibrium and coagulation of the Al(OH), sol to a gel. The presence of alcohols in high concen- 
trations also leads to coagulation owing to desolvation of the disperse phase micelles. The rate of each of these 
reactions depends on various conditions. For example, in highly alkaline media coagulation of Al(OH)s is re - 
tarded, and ester hydrolysis is accelerated. 


The products of hydrolysis and dissociation of tetraalkoxysilanes and aqueous alkaline aluminate solutions 


interact: 
f 
2 (RO)3 SiOH -++ AlO.” —+ (RO)3 SiO — Al — OSi(OR)s + H20; 
2 (RO)3 SiOH + Al (OH)3 > (RO)s SiO — 7 — OSi (OR); + 2H,0. 
OH 


In addition to purely chemical processes, coagulation of sols of Al(OH); and mSiO, - nH,O present in the 


reaction mixture also occurs. 


Loewenstein's investigations [9] have shown that aluminosilicate crystal lattice, in accordance with the 
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This has been confirmed experimentally by Iskoldsky 


Pauling rule, cannot contain more than 50% of aluminum. 
The ratio of SiO, to Al,O, in the reac~ 


[10] for the interaction of aqueous solutions of silicates with aluminates. 


tion products varies between 2 and 3. 


Nevertheless, we obtained precipitates which, on the basis of the fore going considerations, cannot be re - 
garded as individual substances, as their contents of aluminum were considerably higher than 50%, Their form~ 
ation can be explained quite satisfactorily on the basis of colloidochemical concepts. In view of the complex 


ws governing them could be determined only by wide variations of the 


nature of the processes involved, the la 
It may be regarded as es- 


ratios of the reactants, their concentrations, reaction temperature, and other factors. 
tablished that total mutual coagulation of the hydrolysis and condensation products of tetraalkoxysilanes and 
aqueous alkaline aluminate solutions occurs over a fairly wide range, but is nevertheless restricted by the pro-~- 
portions and concentrations of the reactants. No coagulation occurs at very high or very low molar Al: Si ratios. 
The reactions were in most cases accompanied by exothermic effects, which may be largely attributed to heat 


of hydrolysis of orthosilicic acid esters and heat of silicate formation. 


The latent and visible coagulation periods were largely determined by the reaction conditions. During 
the reaction, coagulation apparently began to be accompanied by chemical reactions between the principal 
components of the system: NagO—Al,O3~SiO,—H,O, which were contained in the precipitates formed. Be- 
cause of the considerable duration of the coagulation, it was possible to establish the sequence of the processes 
occurring in the reaction mixture by analysis of consecutive samples. It may be regarded as established that 
the primary process in most instances was coagulation of Al(OH)3 sol. This was followed by deposition of pre - 
cipitates containing increasing amounts of silicon. In strongly alkaline media at low aluminum concentrations, 
gelation of the reaction mixture usually took place, probably owing to coagulation of the hydrolysis and con- 
densation products of tetraalkoxysilanes. 


The reactions with tetramethoxysilane were very violent, even on considerable cooling, and it was there- 
fore not possible to determine the consecutive stages of the process. On the other hand, the reactions with tetra- 
propoxy- and tetrabutoxysilane were so slow that it was possible to establish the formation of Al(OH)3 precipitate 
at room temperature. Precipitation of Al(OH), at the interface between aqueous aluminate solution and tetra~ 
alkoxysilane may be regarded as an instance of the adsorptive instability of Al(OH)3 sol with respect to tetraal- 
koxysilanes. 


Partial hydrolysis of tetrapropoxy~- and tetrabutoxysilanes in strongly alkaline media proceeds with forma- 
tion of silanolate groups, which results in removal to the stabilizing OH ions and coagulation of Al(OH)s [11]. 
The reaction with tetraethoxysilane continues for a considerable time in some cases, This is fully explained by 
the fact that the tendency of orthosilicic acid esters to hydrolysis decreases with increasing size of the organic 
radical. 


Chemical analysis of the liquid phase separated from the precipitate showed that it consisted of an aqueous 
alcoholic solution of alkali. The solid reaction products contained only very small amounts of alkoxy groups, 
while the molar Al: Si ratios were the same as the original. The products were optically inhomogeneous. They 
were purified by repeated extraction in a Soxhlet apparatus, first with absolute ethyl alcohol and then with ben- 
zene, This purification considerably decreased the alkalinity and the aluminum contents of the products, prob- 
ably owing to peptization of Al(OH)3. Analysis of the purified products showed that they were of constant com- 
position. In addition, a crystalline product identified as sodium hydroaluminosilicate was isolated. 


To determine whether the solid reaction products are mixtures of gels of alkoxypolysiloxanes and silicic 
acid with aluminum hydroxide gel, or whether the coagulation processes are accompanied by chemical reac- 
tions with formation of alkoxyaluminosilicates or aluminosilicates, the reaction products were studied by phys- 
ical methods of analysis (spectroscopic, x-ray structure, and optical crystallography). Usually structures are de- 
termined from chemical and physical analytical data by analogy with compounds described in the literature. 
No data are available in the literature on compounds siinilar to those prepared by us. However, certain structural 
groups characteristic of these compounds are also characteristic of compounds which have been studied and des- 
cribed in the literature. Calculations of interplane distances on the basis of X-ray data for most of our products 
showed that their basic structure is that of orthosilicates. On the other hand, samples containing aluminum 
showed charactefistic features of aluminosilicates. It was shown by means of infrared absorption spectroscopy 
(powder me thod) that all the products gave absorption maxima characteristic of Si-O and Na—O bonds. The 


reactio si Le 2OUS iu. i i 
n products of tetraethoxysilane and aqueous sodium aluminate solution gave an absorption maximum at 


10.2 (981 cm~), characteristic of aluminosilicates of the albite and anorthoclase type. 


EXPERIMENTAL 


Sodium aluminates were prepared by dissolving chemically pure Al(OH), in concentrated NaOH [12]. De- 
tails of the sodium aluminate solutions are given in Table 1. 


WO TABLE 1 
Ye Composition of Sodium Aluminate Solutions 
a = Aluminate solu- Caustic 
. & tions ratio in 
~ wo moles 
= 
do Ww Sodium aluminate I | 30.20 2.76 
2 Sodium aluminate II | 21.05 1.78 
WGI 31 4 he iA Oh: ERR ON Orthosilicic acid esters were synthesized by meth- 
sodium alumi- W%% _ tetraethoxysilane ; ' : . 
SN ods described in the literature [1]. The reactions between 


tetraalkoxysilanes and alkaline aluminate solutions were 
carried outin a three-necked flask fitted with a stirrer 
and thermometer. Experiments in which it was required 
to determine the times for visible coagulation were per- 
formed in test tubes or cylinders with stirring by hand. 


Fig. 1. Coagulation rates with different proportions 
of the reactants (in moles). 


Tetraalkoxysilanes behave differently in their reactions with aluminate solutions. Tetramethoxysilane 
reacted practically completely within 1-2 minutes, with a high exothermic effect, in experiments with Al: Si 
ratios from 1:10 to 10:1, in which the aluminate solution was diluted with water to give aluminate : water ra- 
tios of 1:0, 1:1, etc., up to 1:20. The reaction products were gels of various consistencies, from which a li- 
quid phase separated by syneresis; this was found to contain methyl! alcohol and alkali in addition to water. 
With tetrapropoxy- and tetrabutoxysilanes no large amounts of precipitate were formed even after many hours 
of stirring at room temperature or at 65-70°. Analysis of the precipitate formed with tetrapropoxysilane (ratio 
of Al: Si = 1:1) at room temperature with continuous stirring for 10 hours gave the following results; Na,O— 
2-3%; SiO, — traces; Al,O,— 10.15%; with tetrabutoxysilane at the same ratios and under the same conditions 
the small amount of precipitate contained: NagO — 1.96%; SiO, — traces; Al,O3 — 9.87% (analytical data not 
recalculated on the dry substance). Consequently, the precipitate consists of aluminum hydroxide with adsorbed 
alkali. 


TABLE 2 


Chemical Composition of Reaction Products 


Nature of products Na,O 
in Ao 


Molar ratios of Na,O: 


Molar Al: Si 
ratio 


SiO, AL,0, | C,H,O 
in % in % in % 


16 Liquid 66.20 0.05:1;0.15:3.4 
1:6 Solid 1.5921 21374: 0.2 
sg Liquid 0.03:1:0.1:4.15 
1:10 Solid product, ex- 05333 1607052 0.1 


tracted twice 


To study the influence of the proportions of the reactants, the original aluminate I solution was reacted 
with tetraethoxysilane with continuous stirring at room temperature, at different molar Al; Si ratios. The varia- 
tion of the time for visible coagulation (i.e., turbidity and formation of a precipitate) with the ratio used is 
shown in Figure 1. It is seen in Figure 1 that coagulation in the system tetraethoxysilane -sodium aluminate so- 
lution proceeds at the maximum rate at moderate concentrations of AlO, ions. The end of the reaction is eas- 
ily seen by homogenization of the whole mass, and by subsequent coagulation if it occurs. At Al: Si ratios of 
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Fig. 2. Coagulation rates at a constant ratio of the ; Fig. 3. Coagulation rate at a constant ratio ts the 
reactants (Al: Si = 1:1 molar) at different dilutions reactants (Al: Si = 1:3 molar) for different dilu- 
of aluminate solutions I and II with water. tions of aluminate II solution by alkali. 


Fig. 4. Micrograph of reaction product of tetraethoxy- 
silane with sodium aluminate solution (Al: Si = 1:3 
molar, and aluminate solution:NaOH = 1:10), 


Fig. 5. X-ray diagram of reaction product of tetraethoxysilane with sodium aluminate so- 
lution (Al: Si = 1:3 molar and aluminate solution; NaOH = 1: 10). 


8:1 and over coagulation did not take place. 


At Al: Si ratios from 1;6 to 1:10 slight precipitates were formed some time after the mixture became 


homogeneous. Some of the reaction products were analyzed. Silicon [13] and aluminum [14] were determined 
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gravimetrically. Alkalinity was determined by titration with standard hydrochloric acid against phenolphthalein 
[14], and alkoxyl groups by Nessonova's modification [15] of Pregl's semimicro method. Analytical data for 
products with high, Al: Si ratios (recalculated on the dry substance) are given in Table 2, 


The analytical results showed that the precipitates (after washing with benzene) were practically free of 
ethoxyl groups; the Al: Si ratio changed in the direction of an increase of the relative amount of aluminum in 
comparison with the original ratio. The liquid products contained, in addition to small amounts of alkali, al- 
koxyl groups, silicon, and aluminum. The Al: Si ratio remained almost unchanged, apart from a slight decrease 
of the aluminum content. Qualitative analysis of the liquid separated out by syneresis in cases in which the re- 
action mixture solidified completely showed that the liquid consisted of an aqueous alcoholic solution of alkali. 


To study the effect of dilution of aluminate solutions with water, aluminate solutions I and II diluted with 
water to aluminate solution; water ratios of 1:1, 1:2, etc., up to 1:50, were reacted with tetraethoxysilane at 
constant ratios of Al: Si = 2:1; 1:1; 1:2; 1:3 and 1:4 at room temperature. The results obtained for these 


ratios are shown in Figure 2, where it is seen that for both aluminates the reaction rate decreases with increasing 
dilution, up to a certain limit, and then begins to increase again. 


Chemical analysis of the unpurified product formed at a ratio of Al: Si = 2:1 with 1:3 dilution of the 
aluminate solution with water gave the following results (recalculated on the dry substance): Na,gO = 41.70%; 
SiO, = 18.64%; Al,O; = 35.46%; C,Hs0 = 4.20%, corresponding to molar proportions of NagO: SiO, : Al,O3: 

: CyHsO = 2.18:1:1.1:0.3. The same product, purified by repeated extraction first with absolute ethyl alco- 
hol and then with benzene, contained: NagO ~ 25.14%; SiO, — 63.25%; Al,O3 — 10.03%; CyHsO — 1.58%, cor- 
responding to molar proportions of NagO: Sig: AlOg: C,HsO = 0.38:1: 0.1: 0.034. 


TABLE 3 


Analytical Data for Consecutively Precipitated Reaction Products 


Na.O Al,0, SiO, Al: Si _Na,O _A1,0, -Si0, | Al: Si 
in % in % in % [h ue in % in % in % in g- molar 
Aluminate solution H,O =1:2 Aluminate solution H,O =1:3 
Oz 1.89 | 9,48 5.88 6.68 2.07 5.90 3,30 
8.49 4.46 6.46 5.50 6.58 4,84 5,79 3.70 
8.34 1.84 8,04 5.40 5,40 2.14 6.14 Brat 
7.24 4.416 48.40 5.20 6.14 174: 5,44 3.67 
Toot ope Of 7.90 4.26 5.92 2.44 6.03 ayaa 
7,82 3.67 4310 4,22 5,46 2.68 6,42 2.2. 
5.34 2.07 7,49 4.26 6.00 4.95 Sro2 2,00 
40.00 4.97 7,82 4.66 6:68 2.16 4,58 2.50 
6.93 4.78 5.06 3.34 4,84 4.62 Traces — 


Comparison of the molar proportions of the purified and unpurified products shows that the Al; Si ratio in 
the purified product was considerably lower. The alkalinity of the purified product was also lower. Similar re- 
sults were obtained by purification of other solid products. Precipitation extended over a considerable period 
made it possible to carry out fractional analysis of consecutively precipitated reaction products. Aluminate I 
was used for the reactions. The analysis was performed for the ratio Al; Si = 1:1 and aluminate solution; water = 
=1:2and1:3. The analytical results are given in Table 3. 


The analytical results show that the precipitates have higher aluminum contents than the original mixture, 
i,e., that the coagulation of Al(OH), sol must be regarded as the predominant process. For the ratio of aluminate 


solution: H,O = 1:3 the relative content of aluminum in the precipitates is less than for aluminate solution: 
H,O = 132. 


To study the effect of amount of alkali in the reaction mixture, a series of experiments was carried out, 
in which the aluminate was diluted with alkali, so calculated that its concentration in the solution remained 
constant (i.¢., with increasing caustic ratio). Increase of the caustic ratio had the following effects: first the 
time for the start of visible coagulation decreased in comparison with corresponding experiments on dilution’ with 
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water; this may be attributed to acceleration of ester hydrolysis (Figure 3). The end of visible coagulation was 


somewhat retarded. 


os of Al: Si = 1:3 and aluminate solution; NaOH = 1:10, the amorphous 


In a reaction mixture with rati 
tanding in the form of needles and branched crystals 


precipitate initially formed crystallized after prolonged s 
(Figure 4). The crystals had the following composition; Na,O — 44.62%; Al,Og — 7.63%; SiO, — 46.45%; C,H,O0 — 
1.3%. This corresponds to molar proportions of: NagO: SiQ;: AlOg: CpzHsO = 0.93:1:0.1: 0,038. The average 
refractive index of the crystais was 1.483 + 0,003. 


Experiments to determine the effect of temperature on the reaction rate showed that the reaction rate in~ 
creases considerably with temperature. Table 4 gives the reaction rates, at different temperatures, of wipe aed 
oxysilane with aluminate II at a ratio of Al: Si = 1:1 and with the aluminate solution diluted with water in the 
ratio aluminate solution; H,O = 2:1. The reaction products of tetraethoxysilanes and aqueous sodium alumi- 
nate solutions were examined in transmitted polarized light; their average refractive indices were determined 
by the immersion method. Many of the products had a fine crystalline structure, while some were deposited in 
the form of large crystals. In some cases study of the crystals was difficult owing to their hygroscopic nature. 


TABLE 4 
l/l) 00 
Coagulation Rates of Reaction Products at Various 
Temperatures 
e End of visible 
wl oH coagulation 
28 hours 25 minutes 
20 5-0 10-12 12.5-13 hours 5 minutes 
20 98 minutes 3 minutes 
Qo 


The crystalline product formed in the interac- 


Fig. 6. IR-absorption spectrum of the interaction tion of tetraethoxysilane with aqueous sodium alumi- 
product of tetraethoxysilane with aqueous sodium nate solution (Al; Si = 1:3; aluminate solution: 
aluminate solution (Al: Si = 1:2; aluminate so- NaOH = 1:10) had the following characteristics. It 
lution: H,O = 1:4). crystallized in the form of needles and dendrites. The 


average refractive index Ny, = 1.483. The crystals 

were not pleochroic. The micrograph (Figure 4) shows 
the crystals under a magnification of 800. The same product was examined by x-ray analysis. This was per- 
_ formed by the Debye method (with the RKD camera). Soft Cua radiation was used. The interplane distances 
were Calculated from the equation d = A/2sing. The line intensities were evaluated on a five-point scale. 
The product had a well defined crystalline structure. A comparison of the calculated interplane distances with 
literature data for various modifications of SiO,, sodium silicates, and aluminosilicates leads to the conclusion 
that the structure of the product contains elements characteristic of albite and kaolin [16]. It is impossible to 
identify any of the compounds described in the composition of the product. An x-ray diagram of the product is 
shown in Figure 5. 


The product obtained in the interaction of tetraethoxysilane with sodium aluminate solution (Al: Si = 
= 1:2; aluminate solution; H,O = 1:4) was studied by the infrared spectroscopic method. Absorption spectra 
were obtained by the powder method by means of the IKS~11 infrared spectrograph in the region between 2 and 
15u. The absorption spectra of the products were found to contain absorption bands characteristic of individual 
functional groups. The absorption spectrum (Figure 6) contained the following maxima: 3.00y (3333 cem~4), 
characteristic of the O—H bond in aluminosilicates [17]; 9.6 (1042 cm “l) for the Si-O bond {18}; 11.4p 
(878 cm“) for the Na—O bond [19], and 10.2y (982 em™}) for the albite and anorthoclase structure [20]. 


SUMMARY 


1, Interaction of tetraalkoxysilanes with aqueous alkaline aluminate solutions results not only in chemical 
processes (hydrolysis of orthosilicic acid esters and formation of aluminoalkoxy~- and aluminosilicates), but also 
in colloidoche mical processes (coagulation of Al(OH), and mSiQ,- nH,O sols and peptization of the corresponding 
gels). : 
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2. In a number of cases the primary process in the interaction is coagulation of Al(OL1), sol caused by de- 
crease in the concentration of the stabilizing OU ions. This may be regarded as an instance of the adsorptive 
instability of AIO) sol with respect to tetraalkoxysilane. 


3. It is shown that the nature of the processes taking place differs according to the conditions: 
a) at high molar Al: Si or Si: Al ratios precipitates are not formed. The explanation is that the re- 
action products can form colloidal solutions in the reaction medium; 


b) the times for visible coagulation to begin depend considerably on dilution, temperature and other 
factors. 


4. Amorphous and crystalline products have been isolated; these have been shown by chemical and physi- 
cal analysis to consist of sodium aluminosilicates of the albite and anorthoclase type. 
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STUDY OF THE COLLOIDAL PROPERTIES OF SULFOSUCCINIC ACID ESTERS 


1, ESTERS OF THE LOWER ALIPHATIC ALCOHOLS 


R.V. Kucher,, A.A. Yavorgsky*and M.A. Kovbuz 


The colloidal properties of soaps and soaplike substances have great significance in relation to a number 
of important problems of modern chemistry, These include chemical reactions in emulsions (polymerization, 
hydrocarbon oxidation). Our earlier publications.[1-3] described the colloidochemical properties (micellar 
weight, critical concentration, etc.) of various sulfonated soaps. Although the substances studied had been puri- 
fied to remove electrolytes, they could still contain various impurities which might influence the behavior of 
colloidal electrolytes in aqueous solutions, It:was therefore very desirable to investigate the colloidal proper- 
ties of a number of pure colloidal electrolytes in which the influence of impurities would be excluded. From 
this standpoint the esters of the sodium salts of sulfosuccinic acid are particularly worthy of attention. Data on 
the colloidal properties of these substances, which were ‘synthesized by us, will be presented in this and subse - 
quent communications, 


Sulfosuccinic acid esters are of considerable theoretical and practical interest. Under the names of Aero- 
sols OT, MA and IB, some of them are widely used as very effective surface active agents. Nevertheless, the 
literature contains no data on systematic investigations of their colloidochemical properties or on methods for 
synthesizing these esters. Such investigations are essential for systematic selection of a particular representative 
of the series for a given purpose, 


We have studied the colloidochemical characteristics of a series of completely substituted sulfosuccinic 
acid esters in aqueous solutions, with different, gradually increasing numbers of carbon atoms in the alky]1 chain. 
The present communication deals with the four lowest representatives of the series — the dimethyl, diethyl, di- 
butyl, and diisoamyl esters. Very little information on the synthesis of such compounds is given in the litera~ 
ture. The first reports on sulfosuccinic acid esters as wetting agents appeared in 1936 [4]. Subsequently nu- 
merous other publications appeared on the subject [5-8]. However, methods of synthesis of individual members 
of the series are mentioned only very briefly. 


The literature cited above contains reports of the production of sulfosuccinie acid esters from maleic acid 
esters. The preparation of sulfosuccinic acid from maleic acid by bisulfite addition has been described in con- 
siderable detail [9-11]. The sulfosuccinic acid esters and a number of other compounds studied in the present 
investigation were synthesized from the corresponding maleic acid esters by addition of sodium or potassium bi- 
sulfite. The conditions for the addition reaction, however, differ considerably for different representatives of 
the series. Therefore, questions relating to the syntheses will be described in greater detail in a separate com- 
munication. 


The substances studied, in the form of the sodium salts, were thoroughly purified after synthesis. For this 
they were recrystallized 2-3 times from water, and then dried under vacuum at a residual pressure of 10 mm Hg 
over calcium chloride at 100-110° for 12-24 hours; they were then analyzed. The dimethyl and diethyl esters 
were also azeotropically distilled with toluene and held for 24 hours under vacuum at 40° over paraffin. 


The analyses were carried out by the Korshun and Gelman combustion method, with the sulfur combined 
with metallic silver. The analytical results are given in Table 1. 


The present communication describes the results of a study of the colloidochemical properties of aqueous 
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Fig. 1. Surface tension isotherms for aque- Fig. 2. Turbidity of dilute aqueous solutions of 
ous solutions of sodium sulfosuccinate esters sodium sulfosuccinate esters; 1) DME; 2) DEE; 
at 20°: 1) DME; 2) DEE; 3) DBE; 4) DIAE. 3) DBE; 4) DIAE. 
TABLE 1 


Analytical Data on the Dimethyl (DME), Diethyl (DEE), Di- 
butyl (DBE), and Diisoamy] (DIAE) Esters of Sodium Sulfosuc- 
cinate 


Compound |Carbon content, % Hydrogen content, % 
calculated 


DME 3.67 
DEE 4.92 
DBE 6.37 
DIAE 6.69 


TABLE 2 


Colloidoche mical Properties of Lower Esters of Sodium Sulfosuccinate in Aqueous Solutions 
at pH 9.9 (20°) 


CCM 
moles/liter 


Compound Mice llar 


weight, M 


De gree of 
mice lliza- 
tion, Ng 


DEM 


2.09 
DEE 2.49 
DBE 2.43 
DIAE 5.31 
Aerosol MA 2.56 


solutions of the four compounds indicated in Table 1. 


Figure 1 shows the surface tension isotherms (at 20°) of aqueous solutions of DME, DEE, DBE and DIAE, de- 
termined by the maximum bubble pressure method by means of P.A. Rebinder's apparatus. The results show that 
the first two members of the series (DME and DEE) have practically no surface activity in aqueous solutions. The 
dibutyl ester produces an appreciable decrease of surface tension in aqueous solution (to 44 ergs/cm? atc = 2%). 
The diisoamy] ester has even greater surface activity; in this respect it approaches such well known sulfonates 


as Nekal [1]. Similar results are obtained both in acid (6% HNOg) and alkaline media (0.1 N soda solution, pH 
SSD) 


We may conclude from these results that in the series of sodium sulfosuccinate esters surface activity at 


the water-air interface reaches appreciable values starting with the third member of the series, the dibutyl es- 
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ter. The hydrophobic radical of the molecule of this 


y-0° g/ml 5, 10° g/mole compound is large enough to cause considerable surface 
adsorption. In addition to surface activity, a very im- 
2 4 portant property of colloidal electrolytes is micelle 


formation in aqueous solutions. This property plays an 
especially important role when colloidal electrolytes 
are used as emulsifiers for chemical reactions in emul- 
sions (for example, polymerization or liquid phase ox- 
idation of hydrocarbons). To determine the tendency 
to micelle formation in the lower esters of sodium sul- 


200 250 300 350 fosuccinate, we studied their critical concentrations of 
M micelle formation (CCM) and micellar weights. A 0,1 
Fig. 3. Solubilization (y) and molar solubiliza~- N soda solution was added to all the solutions to give 
tion (S)4) of Sudan III in aqueous solutions of pH 9.9, as it is colloidal behavior in alkaline media 
lower esters of sodium sulfosuccinate, in rela- which is important in relation to chemical reactions in 
tion to the molecular weight (M) of the colloid- emulsions, when the aqueous medium usually has pH > 
al electrolytes. > 7. It has recently been shown [12] that the micelle 


formation of soaps and soaplike substances increases 
considerably in presence of electrolytes. Micelle form- 
ation was studied by the light scattering method described previously [2]. 


Variations of turbidity with concentration of very dilute solutions of these colloidal electrolytes are shown 
in Figure 2, By means of these data it is possible to determine CCM from the point at which the turbidity be- 
gins to increase. Figure 2 shows that these points are fairly distinct. The values of the CCM for the substances 
studied are given in Table 2. 


The micellar weights of the compounds were determined from the results of turbidity measurements for 
solutions of higher concentrations (up to 2.5%). The micellar weights given in Table 2 were found by extra- 
polation of H(c/Ar) = f(c) to zero concentration, as described previously [2]. The first three members of the 
series have relatively high CCM and low micellar weights. Therefore, the degree of micellization Ng (ratio of 
micellar to molecular weight), and the energy of association, calculated from the equation [13, 14] 


Wm = —3kT Inco 


(where Cy is the critical concentration of micelle formation (CCM) and w,, is the association energy of two 
molecules of the colloidal electrolyte) are also low. Thus, the colloidal nature of these two lowest members of 
the series under investigation is very weak. The diisoamyl ester, however, has low CCM and a fairly high mi- 
cellar weight. It is interesting to note that the colloidal properties of Aerosol MA (an imported dihexyl ester 
of sulfosuccinic acid), data for which [14] are included in Table 2 for comparison, are weaker than those of 
DIAE, although the hydrophobic portion of its molecule contains two more CHg groups than that of the latter 
compound. It seems that the greater tendency to micelle formation of DIAE as compared with Aerosol MA is 
related to the iso-structure of the alkyl hydrocarbon chain in the DIAE molecule. It is intended to study this 
question in greater detail in a later investigation. 


We may also note that the polydispersity of the micelle (N — No), calculated by the Debye equation [13] 
is low for all the compounds studied, Finally, as was shown previously [3], the colloidal properties (micellar 
weight) are closely associated with solubilization of oleophilic substances in aqueous solutions of colloidal elec- 
trolytes. Thus, solubilization can also serve as a measure of the colloidal nature of a soaplike substance, More- 
over, solubilization is an important factor in chemical reactions in emulsion systems. 


We studied the solubilization of the oleophilic water-insoluble dye Sudan III in aqueous solutions of the 
esters; the solution pH was 9.9. The solubility of the dye was determined photometrically [3]. Figure 3 shows 
the variation of the solubilization of Sudan III in 2% solutions of the colloidal electrolytes studied with the 
molecular weight of the latter. The graphs show the solubilization{(y) in g/ml)Jand the molar solubilization 
(S}y in grams of dye per mole of colloidal electrolyte). The solubility of Sudan III in aqueous solutions of the 
lowest two esters is almost the same, Solubilization is greatly increased in presence of the dibutyl! and especial- 
ly of the diisoamy] ester. This indicates that in this series of compounds colloidal properties first appear in DBE, 
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7 


which must be regarded as the first member of the series to have appreciable colloidal properties. 


All this shows that in the series of aliphatic sodium sulfosuccinate esters the alkyl residue in the molecule 


must contain at least four carbon atoms (buty] and higher) for formation of colloidal solutions,in an aqueous 


mediuin. 


SUMMARY 


1. Surface tension isotherms of aqueous solutions of dimethyl, diethyl, dibutyl, and diisoamy1 sodium sul- 
fosuccinate have been studied, It is shown that in this series appreciable surface activity begins within the di- 


buty] ester. 


2. Micelle formation in aqueous solution in the first three members of this series of esters is slight, as con~ 
firmed by the values of the critical micelle concentration and micellar weight determined by the light scatter- 
ing method. The diisoamy] ester has definite colloidal properties. 


3. The solubilization of Sudan III in aqueous solutions of the lower sulfosuccinate esters begins to increase 
starting with the dibutyl ester, and is especially high with the diisoamy] ester. 
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HEAT EVOLUTION IN THE INITIAL PERIOD OF HYDRATION OF 
CEMENT WITH PLASTICIZING ADDITIONS 


O.I. Lukyanova, E.E. Segalova and P.A. Rebinder 


The chemical interaction of water with cement clinker minerals includes exothermic reactions the heat 
effects of which are fairly high, and which may serve as a sensitive quantitative measure of the cement hydra - 
tion process. Studies of the exothermal effects in cements are also of independent importance in relation to 
massive concreting problems, concreting in winter conditions, and to hydrothermal treatment of concrete. 


Hydration of Portland cement in the form of paste, suspension, or concrete is a slow process. It has been 
shown [1-5] by several investigators that cement evolves heat for at least 6 months during hardening, but most 
of the heat, sometimes up to 80%, is liberated during the first few days after it is mixed with water. Heat evo- 
lution by cement is therefore studied by one of the following methods. The heats of hydration at different 
stages are determined as the differences between the heats of solution of the anhydrous and the hydrated cement. 
This method has been used to determine the heats of hydration of individual minerals in Portland cement clinker 
in the form of concentrated aqueous suspensions [1, 6]. The kinetics of heat evolution in the hydration of ce- 
ment during the first few days can be studied by direct calorimetric [7, 8] or thermometric [9, 10] methods. 


The results of such investigations show the existence of two stages in the initial hydration of Portland ce- 
ment, The first stage, which lasts 1-2 hours after the cement is mixed with water, is characterized by an initial- 
ly high but rapidly decreasing rate of heat evolution. This stage consists largely of hydration of tricalcium 
aluminate in the clinker. The rate of heat evolution increases again after 5-14 hours, depending on the miner- 
alogical composition and the degree of dispersion of the cement, on the content of added gypsum, and a number 
of other factors. The kinetics of heat evolution in the hydration of cement, both in the initial and in the subse- 
quent stages, may be changed considerably by addition of hydrophilic plasticizers. 


In our previous investigations we studied the effect of the hydrophilic plasticizer SSB on the properties of 
concentrated cement suspensions during the initial stages of their interaction with water. The studies included 
investigation of changes in the kinetics of structure formation in cement paste as the result of additions of SSB 
resulting from adsorptive retardation of hydration and adsorptive dispersion of tricalcium aluminate in the clink- 
er. Data on the influence of SSB lignosulfonates on the kinetics of the chemical interaction of cement with 
water were obtained either by an indirect method, or by determinations of the chemically bound water, which 
is an insensitive although in some cases convenient method. 


In the present investigation the influence of the hydrophilic plasticizer SSB on the kinetics of the chem- 
ical interaction of cement with water in the initial stage was studied by the course of the evolution of heat in 
the process. Ground factory clinkers without added gypsum were used for the work. The contents of the princi- 
pal minerals in the clinker, calculated from analytical data, and the degree of dispersion (by Tovarov's method) 
are given in the table. 


The reasons for the choice of the calorimetric method were: the relatively low heat effect at the first 
stage of heat evolution, the desirability of carrying out the hydration in a concentrated aqueous suspension (ce - 
ment paste), and the necessity of making such suspensions directly in the calorimeter. The diathermic me thod 
was used, at a variable heat exchange rate and ata low rate of cooling. The calorimetric vessel in which the 
cement was mixed with water was of the massive calorimeter type, contained an interior glass vessel for water 
or the solutions to be studied, and was fitted with a special stirrer for mixing the cement (Figure 1). A calori- 
meter of this type was used by Logginov [11]. 
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The temperature was measured to the nearest 0.01° 
by means of a semiconductor resistance thermometer, the 
MMT-1 thermistor, connected in a Wheatstone bridge cir- 
cuit. Thermistors are being more and more Widely used .as 
resistance thermometers in physicochemical research [12- 
15]. Our preliminary experiments showed that the MMT-1 
thermistor mounted in the calorimeter is stable in opera~- 
tion and gives reproducible readings when standardized 
against a mercury thermometer (Figure 2, Curve R). 


es . 
For calculation of the temperature from the thermi- 
stor resistance we used the approximate equation: 
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At = (log Ry ~ logRy)/Cay, (1) 

0 
valid for fairly narrow temperature ranges, derived from 
the general expression 1/R = C- eB/T, (2), where C,,, C 
and B are constants determined from the calibration data. 

5 Over temperature ranges greater than 4-5°,Cay depends 
appreciably on the temperature (Figure 2, Curve Cay). 


LZ. 


7D 


Z 
i yj é The cooling rate and the heat capacity of the cal- 
Z orimeter were determined by the usual calorimetric meth- 
ods [16]. The average specific heat of the cements at 
Fig. 1. Calorimetric vessel: 1) brass cylinder; room temperature was calculated by a method used for 
2) detachable cylinder base; 3) brass lid with complex silicate systems [17], by summation of the speci- 
gap for stitrer; 4 and 5) grooves for thermistor fic heats of the constituent oxides in the cement; it was 
and leads; 6) seal ring; 7) half-ring supports; found to be 0.19 cal/g degree for the clinkers studied. 


8) inner brass or glass vessel for solutions; 9) 
stirrer for cement mixing; 10) rubber seal 
ring; 11) heat insulating collar. 


The kinetics of heat evolution in the interaction of 
cements (without gypsum) with water and with aqueous 
solutions of SSB sulfonates was studied in suspensions with 
water-cement ratio (w/c) of 0.4, so that it was possible to 
compare the results with data on structure formation in such suspensions. Figure 3 represents the kinetics of in- 
itial heat evolution by the high-alumina clinker N with additions of 0.10 to 1.00% SSB, calculated as the dry 
substance, on the weight of the cement. Curve 1 represents heat evolution during hydration of cement without 


Mineral Contents and Degree of Dispersion of Clinkers 


Gigant (G) 


*The clinker minerals are denoted by the usual symbols; C,S— 
—3CaO- SiO,; C,S—2CaO- SiO,; Cz,A—3CaO- ALO; CyAF— 
—4CaO: AlOg ° FegOsg. 


added SSB; Curves 2-5 represent heat evolution in systems containing increasing amounts of SSB. Curve 3 shows 


that there is practically no induction period of heat liberation (hydration) in cement pastes without SSB and with 
small amounts of SSB (less than 0.25% for clinker N). 


An increase of the amount of SSB to 0.5+1.0% results in the appearance of an induction period, the duration 
of which increases with the amount of SSB added. Heat evolution during the induction period is very small, thus 
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Fig. 2. Variation of the resistance (R) of thermistor MMT-1 with the calorimeter tem- 
perature (intervals of 1 month between experiments). Variation of the coefficient Cay 
in the approximate Equation (1) with temperature. 
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Fig. 3. Kinetics of heat evolution in hydration of ce- _— Fig. 4. Kinetics of heat evolution in hydration of ce- 
ment from clinker N; w/c = 0.40: 1) without SSB; ment from clinker G; w/c = 0.40; 1) without SSB; 
2) 0.10% SSB; 3) 0.25% SSB; 4) 0.50% SSB; 5) 1.0% 2) 0.10% SSB; 3) 0.25% SSB; 4) 0.50% SSB. 

SSB. 


confirming the previously reported [18, 19] retardation of the hydration of Portland cement by SSB lignosulfonates. 
The small initial jump on the heat evolution curves probably corresponds to heats of wetting and adsorption, 
which are small compared with the heat of subsequent hydration. The total heat evolved during the first stage 

is considerably greater in cement paste with added SSB than without additions. 


Similar results were obtained for the other two clinkers, differing in tricalcium aluminate contents, but 
of similar specific surface (0.3 m*/g). A great increase of the initial heat evolution in presence of SSB is found 
for clinker G (Figure 4); the optimum addition of SSB in this respect is 0.25%, Addition of 0.5% SSB, despite 
the considerable adsorptive retardation of cement hydration which it produces (as shown by the appearance of 
a noticeable induction period), also produces a certain increase of the initial heat evolution after the end of the 
induction period. Clinker K, with a lower content of tricalcium aluminate, also shows a noticeable increase of 
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Fig. 5. Kinetics of heat evolution in hydration of ce- Fig. 6. Increase of the heat effect on addition of 
ment from clinker K; w/c = 0.40: 1) without SSB; 2) SSB in the first stage of heat evolution: 1) clinker 
0.10% SSB; 3) 0.25% SSB; 4) 0.50% SSB. K; 5% C,A; 2) clinker G; 9% CA. 


initial heat evolution in presence of SSB, the effect being greatest with 0.1% addition (Figure 5). 


In comparing these results it is necessary to note that the increase of the initial heat evolution in presence 
of SSB is considerably greater in cements with high tricalcium aluminate contents, as can be clearly seen in 
Figure 6; this indicates that C3A plays an important role in the process. 


These results show that the chemical interaction of cement with water is intensified in presence of SSB. 
This can be attributed either to an increase of the particle surface of the cement as the result of additional ad- 
sorptive dispersion, primarily at the tricalcium aluminate inclusions, or to the fact that added SSB prevents crys~- 
tallization of hydroaluminates directly on the cement particle surfaces, thus favoring more com plete hydration 
of the aluminate minerals at the initial stages of the interaction of cement with water. 


A comparison of the kinetics of heat evolution, studied in this investigation, and the kinetics of structure 
formation in cement paste as indicated by the plastic strength increase at the initial stage of hydration [18, 19], 
indicates a complete correlation between the two processes. Delay of the start of hydration by means of added 
SSB produces an induction period of structure formation, of the same duration. The increased heat evolution 
at the initial stage of hydration in presence of added SSB, which indicates accelerated hydration, produces an 


appreciable increase in the strength of the crystallization structure of the hydroaluminate at the corresponding 
stage of structure formation. 


This coordination of the structure formation and hydration (heat evolution) processes in gypsumless ce - 
ments at the initial stage of their interaction with water is found in all cases, if allowance is made for such 
important factors as the duration of mixing of the cement, which has a strong influence on the kinetics of 
structure formation, and also heat loss from the system studied, which often distorted earlier data on the heat 


evolution by cements. 
i SUMMARY 


1, A method has been developed for quantitative study of the initial heat evolution in hydration of ce- 
ment pastes mixed within the calorimeter. 


2. A study has been made of the kinetics of heat evolution in the initial hydration stage of gypsumless ce- 


ments with various contents of tricalcium aluminate, and of the effects of the hydrophilic plasticizer SSB, added 
in amounts from 0.1 to 1.0%,on the weight of the cement, on the kinetics of heat evolution. 


3: It is shown that the induction period of cement hydration (as indicated by heat evolution) increases with 
increasing amounts of SSB added, resulting in an induction period of structure formation of the same duration, 
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4, It is shown that additions of SSB over a wide range result in an increase of the initial heat evolution in 
comparison with cement pastes without plasticizer; this increases the strength of the crystallization structure of 
the hydroaluminate at the corresponding stage of structure formation. 
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| EFFECT OF TEMPERATURE, ON THE MAGNITUDE AND 
RATE OF SWELLING. OF AGAR 


V.P. Mishin and N.D. Verderevskaya 


Data on the influence of temperature on the magnitude and rate of swelling are of interest not only in rela~ 
tion to the complex problem of the temperature coefficient of swelling of high polymers, but also in connection 
with the submicroscopic structure of the latter. However, the literature contains very few publications dealing 
with the influence of temperature on the magnitude and rate of swelling.* By using an improved technique for 
measurement of swelling, and various media in which the solubility of the swelling substance: could be varied 
within certain limits, we set out to show that when the solubility of a swelling substance remains practically un- 
changed at different temperatures, the degree of swelling increases with increasing temperature, but otherwise 
it should pass through a maximum which shifts in the direction of lower temperatures in the transition to media 
in which the temperature coefficient of solubility progressively increases. 


The substance used was finely divided domestic fibrous white agar purified by prolonged treatment with 
water containing ethyl ether in the cold. The washed agar was dried at 40°; particles 0.5-1 mm in diameter 
were sieved off for the experiments. The ash content of the agar after treatment was 1.87%, and the moisture 
content (at 110°) was 17.8%. The swelling media were redistilled water and aqueous solutions of potassium 
sulfate and thiocyanate (extreme members of the lyotropic series). The temperature in the experiments was 
varied between 0 and 50°. In addition to swelling, the solubility of agar was determined gravimetrically. 


The increase in volume on swelling was taken as the measure of swelling. Most investigators use the 
weight increase as a measure of swelling. It must be pointed out that there is no direct proportionality between 
the weight and volume changes of a substance on swelling, and the functional relationship between the two has 
not been accurately established [2]. An automatic recording instrument of our design was used for measurements 
of the volume increase (Figure 1). The main part of the apparatus consists of a cylindrical glass vessel a with 
a perforated bottom. The substance to be studied is placed in the vessel, and on this is placed a light (7.75 g) 
hollow glass cylinder b 1.50 cm in diameter with a perforated bottom. The small vessel a is fixed in a vessel 
A, contained in a thermostat and filled at the right moment with the swelling liquid. The upper part of the 
movable cylinder b is connected to a long glass tube e, which is a lever with unequal arms, with one end slight- 
ly bent and drawn out into a capillary. The capillary and part of the tube are filled with ink and brought into 
contact with millimeter squared paper on a drum rotated uniformly by means of a Warren motor. By this appa- 
ratus it is possible to measure the swelling of small amounts of substance in large volumes of solution, so that 
the concentration of the latter remains practically constant throughout the experiment. In all the experiments 
the agar-liquid volume ratio was 1: 200, the weight of agar was 0.2500 g, and the average volume of the loose 
material was 1.06 cc. After the pen had been put into position and the drum started, the zero reading line was 
drawn. The liquid was then introduced into the vessel a by displacement of the bottle B from position d' into 
position d". As the substance swells, the pen e is displaced and traces a curve. The experiment is continued 
until the pen follows its own trace. With the aid of a calibration curve, the experimental curves were used to 
determine the volume increments at various time intervals; the results were used to plot swelling-time curves. 


The calibration curve was plotted by measurement of definite volumes of mercury introduced into the 


small vessel and of the corresponding displacements of the pen from the zero line. The average error was ~3"%. 


*A detailed critical analysis of the literature is given in [1]. 
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Fig. 1. Automatic recording apparatus for measurement of volume 
increase: A) glass vessel 300-400 ml in capacity; B) bottle with 
tube (d' — position before experiment; d" — position during experi- 
ment); a) small glass vessel with perforated bottom; b) hollow 
glass cylinder with perforated bottom and a depression at the top 
end; c) metal rod; e) pen; g) rotating drum. 
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oa 
08 a 
bs The advantages of this method over other meth- 
ods for determination of volume swelling described pre- 
i] viously [3] include the relative simplicity of the appa- 
YU ratus, the small amount of substance needed for the ex- 
periment, the relatively large volume of liquid in which 
a 4 8 8 +B 2 Ww 2bt faa the swelling occurs, automatic continuous recording of 
the volume increase, and the possibility of determining 
Fig. 2, Curves for the swelling of agar in the hy ge of any substance which can be obtained in 
water at various temperatures, finely divided form, It should be noted that the values 


measured by means of this apparatus are not the true 


changes in the volume of the swelling substance, as a 
certain volume of the "dead" space between the particles is added to the volume of the particles themselves. 


However, this presents no obstacle in com parative studies of the swe lling of substances under different conditions, 
if the original degree of dispersion of the substance and the packing density of its particles under a small and 
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Fig. 4. Polytherms for the swelling of agar in water and: a) in 0.5 M; 0.1 M; 
0.01 M solutions of KgSQ,; b) in 1.5 M and 0.01 M solutions of KCNS. 


constant pressure (0.004 atmos) exerted by a piston are the same in all the experiments. If necessary, the appa- 
rent volume increments can be converted into the true values with the aid of a calibration curve showing the 
relationship between the apparent and true volume increments, Such a curve can be found by determination of 
the true volume of a substance at different stages of swelling by the method of weighing in two liquids of differ- 
ent densities, proposed by one of us [4]. 


Each experimental curve (examples of such curves are given in Figure 2) has three characteristic regions: 
a region of rapid swelling, with a rapid rise of the curve, corresponding to the time interval of 0-10 minutes, 
irrespective of the temperature; a region of slow swelling with retarded ascent of the curve; and the region of 
maximum swelling, reached after prolonged times, different for different temperatures, in which the curve is 
practically parallel to the abscissa axis. At low temperatures the swelling rate during the time interval of about 
0-0.5 minute is low. The probable explanation is that after the liquid comes into contact with the particles of 
the substance some time is required for their complete wetting. This time decreases with increase of tempera- 
ture, and the region of the curve with a low swelling rate disappears. None of the equations for the kinetics of 
swelling known to us completely covers the whole AV = f(t) curve. The best of these equations are: the Rotin- 
yan equation [5] 


where i' = i/igy; i is the swelling at time t; igg is the maximum swelling; 6 and M are constants which sat- 
isfactorily fits the experimental data for the slow swelling region, and our proposed equation 


AV ont 
eter fl 
where AVgp is the maximum swelling; AV; is the swelling at time t; K is a constant equal to the time at 
which 


AV, = os AV eo. 


The last equation satisfactorily fits the region of rapid swelling, and partly the region of slow swelling. 


As regards the effect of temperature on the swelling of agar, in all cases in which the swelling process was 
not complicated by solution the degree of swelling increased with increase of temperature. When the solubility 
of agar increased considerably with temperature, the AVg) = f(T) polytherms had maxima. A comparison of 
the values for the swelling of agar in water denoted by AV; , found in the rapid swelling region in 5 minutes 
from the start of the process [6] shows, as illustrated in Figure 3, that the degree of swelling increases practical- 
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ly linearly with temperature, while the polytherm for the maximum swelling AVgp passes through a maxi- 
mum, found at 40° in Figure 4 (broken lines). The decrease of AVgp after 40° is the result of a sharp increase 
of the solubility of agar, which is 20.7% at 50°, and only 2.6% at 20°. The solubility was measured for the time 


required to reach maximum swe lling. 


If the presence of a maximum on the AVgy = f(T) polytherm is indeed associated with a change of solu- 
bility, then experiments performed under conditions in which the solubility of agar is considerably decreased 
should give rise to polytherms without maxima, or with maxima shifted into the region of higher temperatures. 
Conversely, the maxima should be shifted into the region of lower temperatures for media in which the solubil- 
ity of agar is higher than in water. To test this, experiments on the swelling of agar in solutions of K,SO, and 
KCNS were carried out. As was to be expected, the AVgy = f(T) polytherms for K,SO, solutions do not show 
maxima (Figure 4a). The solubility of agar in KgSO, solutions is considerably lower than in water; it is 5% in 
0.5 M solution at 50°, while it is 4 times as high in water at the same temperature. The polytherm for a very 
dilute KCNS solution (Figure 4b) differs little in its course from the polytherm for swelling of agar in water, but 
at high concentrations of KCNS, when its lyotropic effect is prominent, the AVgy = f(T) polytherm has a max- 
imum at a lower temperature than for water. The solubility of agar in 1.5 M KCNS solution, even at 20°, is 
13.5%, which is 5.2 times the solubility in water at the same temperature. It is interesting to note that the posi - 
tion of a salt in the lyotropic series, as is shown by the polytherms given, is determined not only by the nature 
of the salt but also by its concentration and the swelling temperature. 


Temperature Coefficient of the Swelling Rate I ; 


Temp-_ In solution of K:SO, Insolutionof KCNS 
erature, |tn47,0 
°C 4 


0.01M | 0.4M | 0.5M 0.043 | 0.14M 


0.5M | 1.5M 


O—10 [4°80 [1.516] 1.24 | 4. 22.1°3,.90 | 1.36 11.48 7 1.19 
40—20. |) 2.44 122 P £25'|°4304-1 4.21 | 4.497 167 4.25 
20—30 | 1.30 | 1.27 | 1.08 | 1.24 | 1.04 | 0.99 | 1,03 | 4.09 
S0—40.1 4.05 |.4.00.):-4,09 14.02 | 4.82 | 4.44 14420) 0.90 
AO SO | TAO YY 1407) POs te Tos rit yt 6 yO oe 


The authors [7-11] of a number of well-known books on colloid chemistry take into account the exother- 
mic character of the swelling process and apply the Le Chatelier principle to it, reaching the conclusion that 
the degree of swelling should decrease with increasing temperature. Our data on the swelling of agar in various 
media, and also earlier data on the swelling of gelatin in water [12-14] and of rubbers in organic solvents [15-17], 
do not confirm this conclusion. In all instances when the swelling of agar is not appreciably complicated by 
solution we found that the maximum swelling increases with increasing temperature. The Le Chatelier principle 
cannot be applied in this way to the complicated process of swelling, since most of the liquid is absorbed osmo- 
tically by the swelling substance, and this absorption occurs without any appreciable heat effect. 


In studies of the influence of temperature on the rate of swelling the rapid swelling region is of the most 
interest, The table contains data on the temperature coefficient I, which represents the change of the average 
rate of swelling during two minutes from the start of the process, when the temperature is changed by 10°.. It is 
seen that I is not constant, but depends on a number of factors, the most important of which are; the tempera- 
ture range over which the swelling is studied, the nature and the concentration of the dissolved salt. In most 
cases the coefficient I is close to unity, which indicates a relatively small change of the swelling rate with 
temperature. The value of I becomes fairly large only for dilute solutions of KCNS and for water in the region 
of low temperatures,when the swelling process is not complicated by solution. 


SUMMARY 


1, An automatic recording instrument has been used to study the variations of the magnitude and rate of 
swelling of agar in water and in solutions of salts of the lyotropic series with the temperature 


2. It is shown Gee if the swelling of agar is not complicated by solution, the degree of swelling increases 
with temperature, while otherwise the AVg, = f(T) polytherm passes through a maximum which shifts in the di- 
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rection of lower temperatures for media in which the temperature coefficient of solubility of the swe lling sub- 
stance is greater. 


3. It is shown that the swelling rate of agar increases slightly with increase of temperature and that the 
temperature coefficient of the swelling rate is close to unity and depends on the nature of the liquid and the 


temperature range. 
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INVESTIGATION OF THE STRUCTURE AND PROPERTIES OF 
CARBON CHAIN POLYMERS IN DILUTE SOLUTIONS 


3. MIXTURES OF POLYVINYL CHLORIDE AND POLYACRYLONITRILE 


N.V. Mikhailov and S.G. Zelikman 


For production of polymeric materials with a great variety of properties, the method of molecular mixing 
of polymers with the aid of common solvents or in melts is used, in addition to copolymerization reactions. 
Plasticizers of high molecular weight are becoming increasingly important [1]. Studies of the properties of 
polymer mixtures have therefore become necessary for the proper practical utilization of high polymers and for 
further development of our theoretical knowledge of the relationship between the structure and properties of 
polymers. 


Some data on the properties of polymer mixtures have been obtained in the course of selection of mate- 
tials for particular practical purposes. The thermodynamic, mechanical and optical properties of polymer mix- 
tures have been described in a number of publications [1,2]. The basic laws of the phase state of polymer mix- 
tures have been noted in a number of papers [3-5], in which it is established that the compatibility of polymers 
depends on the molecular weight and relative proportions of the polymers, solution concentration, and a number 
of other factors. Some workers [6] use a simpler approach to polymer compatibility, and evaluate it from mech- 
anical data. The view has been put forward [7] that mutual solubility of polymers is determined principally by 
enthalpy changes in the system, and on this basis the following criterion of polymer compatibility has been sug- 
gested: polymers are mutually soluble if the heat effect of mixing AH < 0. This criterion was experimentally 
confirmed by Strumynsky [2], attention being drawn to the importance of volume contraction when certain poly- 
mers, are mixed. It follows from these data that the energy factor plays a predominant role in the compatibility 
of polymers, especially polar polymers. 


Morawetz and Gobran [8] studied the influence of intermolecular forces in solutions of polymer mixtures; 
they measured the osmotic pressure of solutions of mixtures containing acidic (copolymer of methyl methacry- 
late with methacrylic acid) and basic (copolymer of methyl methacrylate with dimethylaminomethy! metha- 
crylate) copolymers, Fairly stable aggregates are present even in very dilute solutions of such mixtures. The 
maximum degree of association is found in mixtures consisting of 50% of acidic and 50% of basic copolymer; 
its value is 5.43 at 30° and 3.2 at 50°. 


In our earlier publications [9] certain properties of solutions of polyvinyl chloride, polyacrylonitrile, and 
copolymers based on them were described. It seemed of considerable interest to compare such "chemical inix~ 
tures” as copolymers with model systems consisting of molecular mixtures of the polymers of the equivalent 
chemical composition, and to compare their behavior in solution with that of the pure polymers. 


The present communication contains the results of an investigation of the viscosities and osmotic pressures 
of such molecular mixtures of polymers. Since it was necessary to examine simultaneously the corresponding 
data on pure polymers, their copolymers, and molecular mixtures, the components were chosen to be as Close as 
possible to each other in molecular weight; this was achieved by careful fractionation of the starting materials. 
Three mixtures of polyviny! chloride and polyacrylonitrile were prepared, in the following proportions: 13 : 87; 
29:81 and 40: 60 by weight. The reason for these proportions was the composition of the copolymers described 
previously. The methods used for viscosity and osmotic pressure determinations were described in the earlier 


communications [9]. 
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EXPERIMENTAL 
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Fig. 3. Variation of reduced viscosity with solution concentrations: 1) PVC; 
2) PAN; 3,5,7) copolymers; 4,6, 8) mixtures. Ratios of PVC to PAN in the 
copolymers and mixtures; a) 40:60; b) 29:71; c) 13:87. 


Variations of the reduced viscosity for the three mixtures are plotted in Figure 1, while variation of vis- 
cosity of the 40:60 mixture with temperature is shown in Figure 2, As for copolymers and pure polymers, the 
specific viscosity of polymer mixtures is a linear function of the temperature. For comparison, Figure 3 shows 
variations of the reduced viscosity with concentration for the copolymers, mixtures, and pure polymers, The 
broken lines represent the reduced viscosities calculated additive ly from the viscosities of the pure polymers. 
Figure 4 shows the variation of reduced osmotic pressure with solution concentration for all the polymer mix- 


tures at 20, 35 and 50°, For comparison, Figure 5 shows the variation of the osmotic pressure of polyvinyl chlo- 
tide, polyacrylonitrile and polymer mixtures at 20°. 


A curious feature is that, in contrast to the pure polymers, the apparent molecular weight of the polymers 
in mixtures decreases with increase of temperature (Table 1). 
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Fig. 4. Variation of reduced osmotic pressure of poly- 
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Fig. 6. Variation of viscosity with compo- 
sition of mixtures (continuous lines) and 
copolymers (broken lines). Solution con- 
centrations: 1) 0.85%; 2) 0.65%; 3) 0.25%. 
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Fig. 5. Variation of osmotic pressure with 
concentration of PAN, PVC, and mixtures 

of the polymers at 20°; PVC: PAN ratios in 
mixtures: 1) 40:60; 2) 29:71; 3) 18:87. 
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Fig. 7. Variation of free energy with com- 
position. Copolymer solutions: 1) 0.45%; 
2) 0.85%. Solutions of mixtures; 3) 0.45%; 
4) 0.85%. 


It must also be borne in mind that these apparent molecular weights of the polymers in the mixtures are 
considerably higher than the molecular weights of the pure polymers used for making the mixtures. This sug- 
gests that aggregates are formed as the result of intermolecular interaction in solutions of polymer mixtures. 

The degree of association calculated from the above data at 20° is in the range of 1.6-1.8. The intermolecular 
forces are weakened with increase of temperature, but even at 50° the degree of association is still 1.2-1.3, so 
that the aggregates are not completely destroyed. Molecular mixtures of the polymers also differ sharply from 
the corresponding copolymers in solution viscosity. With equal contents of functional groups in the mixtures 

and copolymers, and with almost equal molecular weights, the intrinsic viscosity of the mixtures is approximate - 


ly double that of the corresponding copolymers, for all ratios. 
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TABLE 1 TABLE 2 


Variation of Molecular Weight with Temperature Temperature Coefficients of Viscosity for Mixtures 
$$ $$$ oo and Copolymers with Different PVC: PAN Ratios 
PVC: PAN ratio | M gia wee of pelea a 

in mixture 20° 35° 50 


Temperature coefficients of vis- 
cosity of PVC: PAN, mixtures 


40:60 73,000 63,000 54,000 
29; 71 66,000 58,000 54,000 
13: 87 82,000 71,000 62,000 Mixtures 
Polyviny1 47,000 47,000 47,000 Copolymers (mol 0.043 
chloride wt 50,000) 
Polyacrylonitrile} 39,000 38,800 37,700 Copolymers (mol 0.043 
wt 30,000) 


Thus, the viscosity of the mixtures also shows that aggregation in solutions of polymer mixtures occurs 
even at low concentrations, It is very interesting to compare the viscosities of the mixtures with the calculated 
values based on additivity of the corresponding values for the pure polymers. As is to be expected from the os~- 
motic pressure data, the observed interaction between unlike macromolecules in solutions of polymer mixtures 
should result in nonadditivity of the viscosity. Such deviations from additivity are demonstrated especially 
clearly by a plot of the viscosity against the composition. As Figure 6 shows, the viscosity curves for the mix- 
tures are S-shaped, and even the 0.25% solution deviated from additivity. The aggregates in solutions of poly- 
mer mixtures are rigid formations, as is shown by the values of p calculated from the osmotic pressure -con- 
centration relationship. The value of py is not less than 0.47-0.48 for any of the mixtures. For copolymers of 
the same composition, the molecular weight of which is considerably less than the apparent molecular weight 
of the mixtures, u has values of 0.38-0.41. 


TAB LESS 
Variations of the Thermodynamic Functions of Mixtures of Different Composition with 
Temperature 
Composition |Concen- AF,-1¢:cal/mole | az,.19:cal/ AS 
a 1108 405 : 
of PVC: PANItration in /mole cal/mole eis \ oa 
mixture g/100 g cal/mole 
solution 295° K 308°K 825°K | 300,5°K | 3415,5°K | 300,5°K | 315,5°K 
| 
40 : 60 0,20 0,163 | 0,197 | 0.240 | 0.48 Ons Aca 3.0 0,50 
0,45 0,300 | 0,360 | 0.428 | 0.87 4.03 |..4.0 4.5 0,87 
0.65 0.437 | 0.525 | 0,608 | 4,29 9 5.6 4.29 
0.85 | 0.942 | 0.993 | 1.027 | 0.05 |—0.29 | 3.4 2.3 1.70 
29: 74 0,25 0.171 | 0.205 | 0.240 | 0,48 Oddo aoe 2.3 0.55 
0.45 0.325 | 0.368 | 0.449 | 0.53 0.66 | 2.9 3.3 1.04 
0.65 0,470 | 0.531 | 0,599 | 0.72 0.87 | 4.4 4.5 1.47 
0.85 | 0.856 | 0.976 | 0,950 | 1.48 — 8.0 _- 1,89 
13; 87 0.25 0.445 | 0,171 | 0.205 | 0,36 Osos 27 2.3 0.46 
0.45 | 0,274 | 0.317 | 0.368 | 0.56 | 0.73| 2.8 | 3.4 | 0.78 
0.65 0.394 | 0.462 | 0,539 | 0,93 4.40 | 4.5 5.4 4.45 
0.85 0,534 | 0.646 | 0,702 | 4.44 15"). "9.6 5,8 1.52 


As the specific viscosity is a linear function of the temperature, the temperature coefficient of viscosity 
remains constant over the whole temperature range of 20-60", 


The variations of viscosity when the temperature of 0.85% solution is raised by 10° are given in Table 2 
Table 2 shows that the temperature coefficient of viscosity for the mixtures is nearly double the corresponding 


esos the sobs eitlatas For comparison it may be noted that the temperature coefficient of viscosity of 0.85% 
polyvinyl] chloride solution is 0.040, and of polyacrylonitrile solution, 0,170. 


The results for the osmotic pressure temperature re lationship were used to calculate the thermodynamic 
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functions (Table 3). 


The change of free energy as a function of composition is shown graphically in Figure 7 for 0.45 and 0.85% 
solutions. It is seen in Figure 7 that copolymers have the minimum value of free energy (—AF is maximum). 
As the contents and nature of the polar groups in the mixtures and the corresponding copolymers are the same, it 
nay be assumed that the differences between the values of AF represent differences in the flexibility of the 
molecules of the mixtures and of the copolymers in solution, This assumption is admissible if the solvation of 
the same polar groups is the same in the mixtures and in the copolymers, From this it follows that the flexi- 
bility is greatest in the 40:60 copolymer and least in the 13; 87 mixture. This is in good agreement with other 
results. In fact, the greatest degree of association is found in the 13:87 mixture, and the minimum value of mM 
is found for the 40: 60 copolymer. 


The considerable differences of behavior between the molecules of copolymers and of polymer mixtures 
can be explained by the relative positions of the polar groups and their influence on molecular structure and 
interaction. The polarity of CN and Cl bonds and their polarizability in an external field are probably the de- 
cisive influences with regard to the flexibility of the polymer molecules, In:considering the properties of the 
copolymers, the mutual influence of the polymer groups in the copolymer chain itself must be primarily taken 
into account. This influence leads to mutual intramolecular saturation of the polar groups, probably resulting 
in some globulization of the molecules, owing to which the intermolecular interaction is weakened. In conse- 
quence, the copolymers are more readily soluble, have lower solution viscosity, etc. In mixtures, interaction 
occurs between polar groups in different chains; this leads to formation of relatively rigid aggregates of unlike 
polymer molecules in solution, with an increase of solution viscosity. 


Thus, because of intramolecular interaction and disturbance of the regular structure, the copolymer mole- 
cules become more flexible, while intermolecular interaction between the same functional groups in polymer 
mixtures leads to decreased flexibility. 


SUMMARY 


1. The osmotic pressure and viscosity of dilute solutions of molecular mixtures of polyacrylonitrile and 
polyvinyl chloride in different proportions have been measured and compared with the corresponding values for 
copolymers of the same chemical composition, and for the pure polymers. 


2. It is shown that the viscosity and osmotic pressure of solutions of polymer mixtures deviate from the 
additivity rule over the whole range of component ratios studied; the viscosity, in the direction of an increase, 
and the osmotic pressure in the direction of a decrease. These results are attributed to the formation of stable 
aggregates by molecules of the different polymers. 


3. It is shown that the viscosity and osmotic pressure of polymer mixtures vary with the temperature. The 
decrease of the apparent molecular weight with temperature, and also the existence of an appreciable tempera- 
ture coefficient of viscosity for polymer mixtures, in contrast to solutions of the corresponding pure polymers 
and copolymers, confirm the presence of aggregates of unlike molecules in solutions of polymer mixtures. 


4, A comparison of data on molecular mixtures and on copolymers shows that they differ sharply in their 
behavior; this is attributed to intramolecular interaction between the polar CN and Cl groups in copolymers, 
and intermolecular interaction in polymer mixtures, 
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ALTERATION OF THE INTERMOLECULAR STRUCTURE OF CAPRON FIBER. 


MOS Pte RESULT OF HEA T—-TREATMENT* 


L.I. Pokrovsky and A.B. Pakshver 


Capron fibers are subjected to various kinds of heat treatment in the course of production and during sub- 
s¢quent processing, in order to improve the performance characteristics of the articles made from them. Heat 
treatment of the fibers in the free state, known as heat shrinking, results in a considerable increase of the exten- 
sibility without appreciable decrease of tenacity, and an improvement of the elastic properties. Heat treatment 
of the fibers or articles on rigid forms, in the stretched state, known as heat setting, fixes the geometrical dimen- 
sions and stabilizes them against subsequent heat treatment. Despite the extensive use of a great variety of heat 
treatments, the literature contains no reports of systematic investigations of the mechanism of this process or of 
the structural changes which occur as the result of heat setting and heat relaxation. 


Mikhailov and Fainberg [1], who studied the sorption of water vapor and determined the heats of wetting 
and solution of undrawn and drawn capron fibers, showed that drawing of capron fibers causes only slight changes 
in the energy of intermolecular interaction. 


Data on the sorption of phenols by capron fibers [2] also showed that equilibrium sorption changes little as 
the result of drawing. However, it is well known that the mechanical properties of undrawn and drawn capron 
fibers and of fibers subjected to heat treatment vary very considerably, and the rates of various sorption processes 
vary to an equal extent [3]. Evidently the intermolecular structure undergoes further condensation during draw- 
ing or heat treatment of capron fibers. This increase of the density of the structure has little influence on the 
aggregate, equilibrium processes, but the kinetic processes, which are primarily associated with the loose portion 
of the material, are very greatly changed. 


Therefore, for evaluation of changes in the intermolecular structure of capron fibers, as the result of vari- 
ous heat treatments, we determined the kinetic heat of solution, i.e., the quantity of heat liberated in a calori- 
meter in 15 minutes, which characterizes the solution rate of the macromolecules in the loose structure of the 
fibers. It was presumed that this would give greater differences of the heat effects than are found in determina- 
tions of total heats of solution [4]. 


For a fuller characterization of the changes of molecular structure, the densities of the fibers were deter- 
mined at the same time, Such data are also lacking at the present time. The literature only contains data on 
densities of undrawn and drawn nylon fibers.and nylon plates [5]. 


EOP ERE MENT Al” % 


The kinetic characteristics of the heat of solution of capron fibers were determined by means of an iso- 
thermal microcalorimeter of the Schottky type [6]. With this calorimeter it is possible to measure small heat 
effects with good reproducibility and with small relative errors. The heat effects were measured to within 0.3 
cal. The duration of the determinations was 15 minutes. During this time the solution became quite clear, 
and the subsequent change of temperature was much slower. 


In order to find the most suitable solvent, preliminary experiments were carried out with an ordinary calor- 


*23rd communication in the series of investigations on the intermolecular structure of high polymers. 
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TABLE 1 


Kinetic Characteristics of the Heats of Solution 
of Undrawn and Drawn Capron Fibers in Various 
Solvents 


Drawn fiber, 
OK 


Undrawn 
fiber, Qk 


Solvents 


20% HCl solution 
40% HgSO, solution 
85% HGOOH solution 
85% phenol solution 


Note: The accuracy of the determinations was 
+ 0.5 cal/g. 


imeter to determine the kinetic characteristics of the 
heats of solution of undrawn and drawn capron fibers 
in 20% HC1, 40% HySO,, 85% HCOOH, and 85%o phenol, 


The results of these determinations are given in 
Table 1:* 


Visual observations showed that the rate of solu- 
tion of capron fibers decreases in these solvents in the 
following sequence: 20% HCl, 40% HySOQ4, 85% HCOOH, 
85% phenol. The differences of the kinetic heats of 
solution (Qk ~ Qk) between undrawn and drawn fibers 
decrease in the opposite sequence. It seems that in 
2.0% HC1 solution the solution process is more rapid and 
the measured heat effect of solution approximates to 
the limiting value Q), and therefore in 20% HCl the 
difference between the heats of solution of the undrawn 


and drawn fibers (Qy — Qh) is not large. When 85% HCOOH or 85% phenol are’ used as solvents, in which the 
solution rate is considerably lower, only the heat effects of solvation of the more loose domains is measured, 
and the difference between the heat effects Q, — Q), for undrawn and drawn fibers becomes considerably greater. 


Maximum solvation, i.e., the passage of all the macromolecules into solution, occurs very slowly, during 
several hours, with only a small additional heat effect, which can be determined with sufficient accuracy only 


by an adiabatic calorimeter [1]. 


As the result of the preliminary experiments, 85% solution of chemically pure HCOOH and 85% aqueous 
solution of phenol were used as the solvents in the subsequent experiments. The fibers studied were: samples 
of capron yarn No. 34, the same yarn subjected to dry heat in skeins and on bobbins for 5, 20 and 70 minutes, 
samples of yarn boiled in water in skeins and on bobbins for 0.5, 1 and 3 hours, samples of yarn steamed in an 
autoclave in skeins and on bobbins at 140° for 0.5, 1 and 3 hours, and samples of yarn additionally stretched in 


the heated state. 


The results of measurements of the kinetic characteristics of the heats of solution, in the form of average 
values for 3-4 experiments, are given in Table 2. The solution concentration was approximately the same, 
0.5-0.6%, in all cases. Table 2 shows that the kinetic characteristic of the heat of solution Qi), is lower for cap- 
ron yarns subjected to various heat treatments than for the original No. 34 yarn. Therefore heat treatment of 


capron yarn produces denser molecular packing. 


The greatest change in structure is produced by the action of steam on the fibers. It seems that with the 
high mobility of the molecular segments which results from the high temperature and the action of steam the 
macromolecules become rearranged into a denser form of packing in the fiber. It must also be pointed out that 
heat treatment of the fibers in the free state not only does not decrease the molecular density, as might have 
been expected, but increases it still more than does treatment on a rigid bobbin, especially by steaming. This 
is in good agreement with the results obtained by Lipatov [7] and Rogovin and Zazulina [8], who showed that in 
a number of cases changes of the degree of orientation on relaxation do not follow the same course as the total 
intermolecular interaction. Equal values were obtained for the kinetic characteristics of the heat of solution of 
fibers subjected to the same kind of heat treatment but for different times. The condensation of the molecular 


structure therefore proceeds very rapidly. 


The Q, values for the fibers studied are in good agreement with the results of density determinations for 


the same fibers. 


The densities were determined as follows: a small skein of the yarn to be tested was placed in a bulb 


which was then evacuated down to (1.25-1.34)- 107 mm Ilg and sealed. The sealed bulb was transferred to a 
cylinder containing a mixture of benzene and nitrobenzene, and broken, The cylinder with the fibers was placed 
in a thermostat maintained at 25 + 0.005°. The mixture in the cylinder was occasionally stirred by hand. Ben- 


% iven i > ine 
The results given in Table 1 were obtained by A.F. Kolbashova. The measurements were also continued for 
15 minutes, to complete visible solution of the fibers. 
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TABLE. 2 


Kinetic Characteristics of the Heats of Solution of Capron Fibers Subjected to Various 
Heat Treatments 


Fibers 
Undrawn yarn (old) 8.5 
Drawn capron yarn No, 34 6.6 
Ditto, heated on bobbin at 160°, 5 minutes 5.9 
", heated on bobbin at 160°, 20 minutes 5.9 
a heated on bobbin at 160°, 70 minutes 5.9 
x heated in skein at 160°, 5 minutes 5.9 
in heated in skein at 160°, 70 minutes 6.0 
"additionally stretched at 160° 5.5 
. boiled in water on bobbin, 0.5 hour 5.7 
% boiléd in water on bobbin, 3 hours 5.6 
ig boiled in water in skein, 0.5 hour OAL 
i boiled in water in skein, 3 hours 5.1 
a steamed on bobbin in autoclave at 140°, 4.5 
0.5 hour 
= steamed on bobbin in autoclave at 140°, 3.8 
1 hour 
c steamed on bobbin in autoclave at 140°, 4.0 
3 hours 
* steamed in skein in autoclave at 140°, 0.5 hour 2.5 
i: steamed in skein in autoclave at 140°, 3 hours 2.5 


Note: The accuracy of the determinations was + 0.2 cal/g. 


EABLE 3 


Densities of Fibers after Various Types of Heat Treatment 


Fibers 

Undrawn yarn No. 34 1.1303 

Drawn yarn No. 34 1.1449 

Ditto, additionally stretched at 160° 1.1437 
"heated on bobbin at 160°, 70 minutes 1.1456 
" heated in skein at 160°, 70 minutes 1.1471 
* boiled in water on bobbin, 3 hours 1.1464 
is boiled in water in skein, 3 hours 1.1479 
be! steamed in autoclave on bobbin at 140°, 3 hours 1.1533 
4s steamed in autoclave in skein at 140°, 3 hours 1.1598 


Note: The accuracy was + 0.00042 g/cc. 


zene or nitrobenzene was added until the skein began to float within the liquid. The density of the benzene- 
nitrobenzene mixture was then determined pycnometrically; this was equal to the density of the fiber specimen. 


The results of the density determinations, which are the average values of three separate experiments, are 
given in Table 3. As was stated earlier, the density data in Table 3 are in good agreement with the kinetic char- 
acteristics of the heat of solution, Qk, thereby confirming that heat treatment results in an increase of the 
molecular packing density in the fibers. 
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SUMMARY 


1. The kinetic characteristics of the heat of solution of capron fibers after different types of heat treat~ 
ment differ considerably. These results are in agreement with other kinetic data and are a good measure of the 
change in the molecular structure of capron fibers caused by heat treatment. 


2, Heat treatment of capron fibers on bobbins or in the free state results in a denser packing of the inter- 
molecular fiber structure. 
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PERIODIC DEFORMATION OF COLLAGEN IN SOLUTIONS OF 


ELECTROLYTES AND TANNING AGENTS 


A.G. Pasynsky and A.M. Tongur 


The technical raw hide of the leather industry is a complex histological structure:formed from bundles of 
collagen fibers (from 30 to 130y in diameter) consisting consecutively, of collagen fibers (7-10), fibrils (tenths 
of a micron) and finally protofibrils (50-100 my), each containing some dozens of molecular chains. The inter- 
stices between the structural elements of the hide (up to several microns in size) are filled with interstitial ma- 
terials (albumins, globulins, mucins, extractable matter) which are removed from the hide during the processes 
which precede tanning [1]. 


The permeability of hide to tanning agents largely depends on the histological rather than the molecular 
structure of the hide. Therefore, to accelerate penetration of tanning agents into hide, a suitable procedure 
seemed to be to influence the histological structure by periodic mechanical deformation of the hide. For this, 
a more detailed study of its relaxation properties was needed. 


Zubov, Zhurkina and Kargin [2] discovered only short relaxation times for elastic gelatin gels (up to 20- 
30% gels); long relaxation times were found only under conditions in which some of the cross links of the net- 
work were broken and relative displacement of the molecules became possible. Gelatin gels are examples of 
histologically uniform structure, formed by molecular protein chains, Therefore, the variation of the deforma- 
tion of raw hide in various media with the deformation frequency was also of interest in relation to the special 
deformation characteristics of histologically inhomogeneous structures, in the case of such a material as collagen 
(which comprises up to 98% of the fibrous protein of hide) [1]. In the present investigation a study was made of 
these characteristics, in order to determine the possibility of using them for acceleration of the tanning process. 


EXPERIMENTAL 


The relaxation properties of collagen were studied with the Aleksandrov-Kargin apparatus [2], at deform- 
ation frequencies from 1 to 1000 cycles per minute. Heavy cowhide specimens ~6 mm thick were used for 
the tests, : 


The clean hide (inner layer of fresh hide, with flesh side scraped and hair mechanically removed), in the 
loose and dense regions, behaves like an elastic gel up to 60°, with only short relaxation times in this range 
(Figure 1). Long relaxation times are found only at higher temperatures, corresponding to partial "fusion" of 
the hide structure. This behavior is similar to the properties of 30-40% gelatin gels [2], which have a similar 
content of dry protein (~ 35%) [1], but a sharp increase in the deformation of hide occurs at 60° (Figure.1), while 
for gelatin gels it occurs at 30°, which shows that the cross links of the network are stronger in collagen. At the 
same time, the existence of only short relaxation times below the "fusion" point of the gels indicates that the 
interaction between the chain segments between the cross links in the network is weak in both systems. 


Alteration of the interchain bonding in the collagen structure may occur both as the result of temperature 
changes, and in presence of-various dissolved substances. The effects of solutions of: KCNS, NaCNS, LiCl, KCl, 
(NH,)2SO, and urea, of various concentrations on periodic deformation behavior at different temperatures were 
therefore studied. Sets of curves similar to those shown in Figure 1 were obtained; the inflexion points on these 
curves varied for media of different composition, in general accordance with the thermal shrinkage temperatures 
in the same solvents. For example, after the hide specimens had been kept for 12 hours in the solutions, the 
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Fig. 1. Deformation-temperature curves 
for clean hide, for various frequencies: 1) 
1 cycle/minute; 2) 10 cycles/minute; 3) 


100 cycles/minute; 4) 1000 cycles/minute. 
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Fig. 2. Deformation of hide as a function 
of frequency, at the liming stage: 1) dense; 
2) loose region of hide. 
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Fig. 3. Deformation-temperature curves 
for hide at the liming stage, for various 
frequencies: 1) 1 cycle/minute; 2) 10 
cycles/minute; 3) 100 cycles/minute; 4) 
1000 cycles/minute. 
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Fig. 4. Deformation of hide as a function 
of frequency, at the chroming stage: 1) 
dense region; 2) loose region; 3) deforma- 
tion-frequency curve for leather. 


points of inflexion on the curves were shifted to 20-22° in 2 M NaCNS and KCNS, to 38-40° in 5 Murea, were un- 
changed in 2 M LiCl, and were shifted by 10-20° in the direction of higher temperatures (i.e., up to 70-80°) in 

2 M KCl and 25% solution of (NH4),SOq. The shrinkage temperature of the collagen was marked in all cases by 

a sharp increase of deformation (as shown in Figure 1) and the appearance, beyond the inflexion point, of long 
relaxation times, which are detected by the clear dependence of the magnitude of deformation on the temper- 
ature. As was to be expected, the greatest increase of deformation ig found at low vibration frequencies. At 
temperatures below 40°, at which tanning of collagen is usually carried out, clean hide shows only short relax- 


ation times, 


The relaxational properties of hide change in the course of technological processing. At the liming stage, 
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with the use of Ca(OH), and NagS solutions, the deforma- 
tion at 20° becomes almost independent of the fre quency 
(Figure 2), but the deformation-te mperature curves 

| | (Figure 3) begin to differ appreciably from the curves 

CCT _| in Figure 1, both in the magnitude of deformation, and 
in the position of the inflexion points for various fre- 
quencies, At the liming and pickling stages (treatment 
with hydrochloric acid solution), deformation at 20° 
was almost independent of the frequency, both for the 
elastic and the soft portions of the hide, but at the 
liming stage the inflexion points on the deformation- 
temperature curves lay in the range of 60 to 90°, while 
at the pickling stage these curves again became simi- 

lar to those shown in Figure 1, with a common inflexion 
point at 60°, It seems that at the liming and deliming 
stages additional stable bonds are formed in the col- 
lagen structure )(possibly by calcium), which are com- 
pletely destroyed in pickling. 


Fig. 5. Diagram of vibrator; below — diagram 
of control points. 


At the chrome tanning stage the picture changes; 
as is seen in Figure 4 (Curves 1 and 2) the deformation 
of both the dense and the loose regions of the hide at 


$ 20° clearly depends on the frequency, especially at fre- 
9 quencies below 100 cycles/minute. This indicates that 
‘on the hide has special mechanical properties at the chrome 
=I tanning stage, and it is significant that long relaxation 
S times are found in this instance for the system in which 
relative displacement of the molecules is completely 
sna r) 7 ] 120 
time, hrs excluded as the result of a superposition of a network 
of additional stable bonds during chrome tanning, 
Fig. 6. The dynamics of tanning heavy hides; which results in a shift of the thermal shrinkage tem- 
1) during periodic compression 80 cycles/min; perature to above 100°, An interesting fact is that even 
2) in factory drum. in the next operation (vegetable tanning in standard 


oak extract and syntans) the deformability of the lea- 
ther again decreases considerably and the deformation 


becomes much less dependent on frequency (Figure 4, Curve 3). 


We took advantage of the appearance of long relaxation times at the chrome tanning stage, before vege- 
table tanning, to influence the kinetics of the tanning process , the duration of which is determined primarily 
by the low rate of diffusion of the tanning solution into the hide. In our opinion, by means of periodic deforma- 
tions of the hide, accompanied by contractions and extensions of the collagen fibers, equivalent to alternate 
condensation and rarefaction of the structure, it should be possible to accelerate the penetration of the tanning 
liquor into the hide. Naturally, this result could be expected only at deformation frequencies corresponding to 
long relaxation times, as at very high deformation frequencies the penetration of the tanning liquor into the 
structure could not keep pace with the changes in the field. As has been shown, at most stages in the produc- 
tion of leather, from the fresh hide up to the pickling stage, the hide has only short relaxation times at low 
temperatures, and it is only at the chroming stage, just before vegetable tanning, that the long relaxation times 
appear which could be used for accelerating the tanning process. 


This possibility was explored in experiments on tanning of heavy and medium chromed hide (3 to 10 mm 
thick) with periodic deformation of the hide in the tanning liquor. 


First we used vibrators operating at frequencies between 10 and 100 cycles/second. The vibrator (Figure 
5) consists of two concrete supports b, with a plate a resting upon them, with an off-balance motor c attached 
to its under side. Vibrations of the body of the motor, induced by rotation of the eccentric pulley d mounted 
on the rotor, are transmitted to the plate a. The vibration conditions were controlled by means of an "Askania" 
recording dynamometer, which recorded the vibration amplitude and frequency at eight points in the vibrator, 


TABLE 1 


Results of Tanning in a Vibrator and ina Laboratory Drum (Without Heating) 


Speci- | Moist~ % Gontents in dry substance of : pony oo 
men | Tanning conditions | ure, % ash water-extractable fats hide ma~| tannins, actor, 
No substances terial, To Fo 
inorganic | organic from to- 
tal nitro- 
gen 
I Vibrator, 50 cycles 9.6 22.5 0 48.0 19.0 40 
/sec, 6 hours 
Laboratory drum, 9.0 21.6 0 52.7 15.0 28.5 
24 hours 
Il Vibrator, 50 cycles | 6.8 14.7 0 59.9 18.2 31 
/sec, 5 hours 
Laboratory drum, 3.5 14.0 0 66.4 15.6 20 | 
5 hours 
TEV) By byl Spar 


Results of Tanning Under Periodic Compression at 80 cycles/minute and in a Factory Drum 


Bound 
tannins, 


To 


Moisture, 


Jo 


% Contents in dr 
water -extractable 
substances 


organic 


Periodic compression at |80 cycles/minute 


Tanning 
time, hrs. 


Tanning 
factor, % 


material 


inorganic 


2 15.5 35 

4 23.7 57.7 
6 24.7 60 
12 23.55 63 
18 26.1 74 
24 27.9 80 

Factory drum 

48 12.8 6.7 GO. ok aS 0 56.5 27.4 45.0 

82 12.2 7.8 6.9 11.8 0 53.0 25.3 52.0 
125 11.7 6.9 5.0 10.8 0 49.2 33.1 67 


indicated in the lower part of Figure 5. Specimens of chromed hide (6 x 6 cm) with tanning liquor were put 
into a thin rubber bag f (made from a surgical glove), placed between the vibrating plate a and the pressure 
plate e. The vibration amplitude of the pressure plate was considerably less than that of the vibrating plate (for 
example, 0.02 and 0.21-0.27 mm) in order to increase the relative deformation of the hide, and the deforming 
force was applied directly to the hide in order to create a vibration phase difference between the solid and the 
liquor. Simultaneously with the tanning in the vibrator, a specimen cut from the same. portion of hide was tanned 
in a laboratory drum in standard oak tannin extract with additions of up to 20% of syntans, at a 1:4 ratio be- 
tween the tanning agents in the volume of liquor used and the weight of the hide, and at pH of 4.25 to 4.5 of 

the diluted extract. The tanning was carried out at room temperature in both cases. The leather samples after 
tanning were analyzed according to GOST 938-45 for percentage fat, moisture, ash, easily removable low mole- 
cular substances, ash content of the extractable substances, and total nitrogen, The analytical data were used 

to calculate the total contents of nonhide material (percentage of bound tannins) and the tanning factor (ratio 

of bound tannins to total nitrogen in percent). The results for two heavy hide specimens (of the shoe sole type) 
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are given in Table 1, 


It is scen in Table 1 that periodic deformations accelerate the tanning of hide, and the process was fur- 
ther accelerated when the temperature was increased to 40° and the deformation frequency decreased to 25 
cycles/second. However, it was difficult to reduce the frequency on the vibrator to below 100 cycles/minute, 
as required by the data in Figure 4. Therefore, in the following experiments the tanning was performed under 
periodic compression at a frequency of 1 cycle /second, effected by means of a plate with a rod with an eccen- 
tric drive. In this series of experiments (the control experiments for which were carried out in a factory drum) 
the liquors were heated to 38-40°. The results for the elastic region of heavy oxhide (5 mm thick) are given 
in Table 2 and Figure 6. 


Table 2 and Figute 6 show clearly that tanning is accelerated on periodic compression of chromed hide, 
the standard degree of tanning (65% by GOST) being replaced in 12-13 hours instead of the 125 hours required 
in the factory drum. An interesting fact is that in experiments on vegetable tanning of unchromed hide, which 
shows only short relaxation times directly after pickling (see above), periodic deform ation was found not to ac- 
celerate tanning. A negative result was also obtained in an experiment on vegetable tanning of a 15% chrome- 
treated gelatin gel, the deformation of which does not depend on the frequency.. 


DISCUSSION OF RESULTS 


Gel structures are characterized by a spatial macromolecular network, cross linked by means of bonds of 
the valency or intermolecular type. The elastic properties of gels are determined by the flexibility of the mac- 
romolecular segments between cross links in the network, which fix the relative positions of the macromolecules. 
Characteristic features of typical gels are absence of fluidity and presence of elastic properties; in these gels 
only short relaxation times are found at temperatures below the gelation point. In such gels large relaxation 
times are found only after breakdown of some of the cross links of the network, when relative displacement of 
the macromolecules becomes possible [2]. Our data onthe effect of frequency on the deformation of hide showed 
that the behavior of clean hide in water (Figure 1) and in various media (2 M solutions of KCNS, NaCNS, LiCNS, 
KCl, 5 M urea, 25% (NH4),SQ,) is similar to that of an elastic protein gel, in which only short relaxation times 
are found below the heat shrinkage point, while the position of the inflexion points on the deformation-temper- 
ature curves (i.e., the appearance of long deformation times) is displaced in accordance with changes in the 
heat shrinkage temperature. 


Interesting behavior is shown by chrome -tanned hide (Figure 4), in which long relaxation times are found 
in the gel state in presence of a network of additional bonds in the collagen structure, i.e., in conditions in which 
relative displacement of the macromolecules is excluded. . This is not the consequence of an increased number 
of cross links in the network and interaction between the chains, as is shown by the fact that after vegetable tan- 
ning, during which the chrome cross links are retained and the absorption of vegetable tannins is added, long re- 
laxation times are not found (Figure 4, Curve 3); neither are they found for chrome -treated gelatin gels, There- 
fore, the appearance of long relaxation times for chrome -tanned hide must depend on certain structural charac- 
teristics of the hide at this stage of treatment. 


The characteristic in question is probably increased porosity of the structure. Owing to the removal of 
interstitial substances at the stages preceding tanning, the permeability of the hide increases sharply as has been 
shown by Frenkel and Mihailov [3], at the chroming stage, while during the subsequent vegetable tanning the 
permeability decreases again because the pores become filled with tannin particles [1]. Thus, at the chroming 
stage the structure of the leather acquires a peculiar character, which distinguishes it from the ordinary micro- 
scopically homogeneous gels, of the gelatin gel type, studied by Zubov, Zhurkina and Kargin [2]. 


In a histologically inhomogeneous porous structure, deformation of bundles of fibers or fibrils, even if the 
gel network is retained, leads to the appearance of longre laxation times, associated with the deformed fibers en- 
tering and leaving the pores. This is the way in which the deformation of histologically porous structures differs 
in principle from the deformation of histologically homogeneous gels (such as gelatin gels), the heterogeneity 
of which is at the molecular structure level. This new effect in the deformation of collagen will probably be 
found in other polymeric substances with a submicroscopically heterogeneous structure. This effect disappears 
in collagen when the pores are filled with interstitial matter (in the raw hide) or with tannin (in vegetable tan- 
ning), on decrease of porosity as the result of fiber swelling (in unchromed hide) ete, 
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The appearance of long relaxation times in chromed hide is not only of theoretical but ane of practical 
interest, in view of the possibility of accelerating the vegetable tanning stage, which is normally limited by 
the low rate of penetration of the tanning agent into the hide. It was to be expected that, on periodic deform - 
ation of chromed hide in tanning liquors at a frequency corresponding to its long relaxation periods, the alter- 


nating filling and emptying of the pores in the course of deformation of the collagen fibers should accelerate 


the penetration of the tanning liquor into the hide and assist repeated filling of the pores with fresh tanning li- 
quor, We therefore carried out tanning tests in vibrators at frequencies from 25 to 100 cycles/second, and also 
under periodic compression at a frequency of 1 cycle /second, i.e., at fairly low deformation rates. Specimens 
of chromed hide were treated directly in the tanning liquor. Tables 1 and 2 and Figure 6 show. that this meth- 
od results in considerable acceleration of the tanning process in comparison with tanning either in a laboratory 
or in a factory drum. However, for materials which do not show long relaxation times — unchromed hide, 
chromed gelatin gel — periodic deformation does not accelerate tanning. It is possible that the use of periodic 
deformation at frequencies close to the long relaxation periods of the material in question may serve as a gen- 
eral method for accelerating the diffusion of liquids into materials of histologically inhomogeneous structure. 


‘“ SUMMARY 


1. The effect of frequencies from 1 to 1000 cycles/minute on the defounsdeiaet collagen (hide) in water 
and various media (2M solutions of KCNS, NaCNS, LiCl, KCl], 5M urea, 25% (NH4)gSO,) has been studied at vari- 
ous temperatures and at different stages of the technological process. It is shown that-with the exception of the 
chrome tanning stage (before vegetable tanning) hide has only short relaxation periods and shows behavior simi- 
lar to that of an elastic protein gel. 


2 


2. In chromed hide, which has a histologically inhomogeneous porous structure, a new effect has been 
discovered; the appearance of long relaxation times in a polymeric material in absence of relative displace - 
ments of the molecules. ; 


3. This effect was used to accelerate penetration of tanning agents into collagen by periodic deformation 
of chromed hide in tanning liquor at a frequency corresponding to the long relaxation times of the material. It 


is shown that by this method it is possible to accelerate the tanning of chromed hide considerably in comparison 
with tanning in a factory drum. 


This work was performed in scientific cooperation with the Central Research Institute for the Leather In- 
dustry. The authors express their deep gratitude to Prof. A.N. Mikhailov and A.L. Zaides, and also to Academi- 
cian V.A, Kargin and Z.N. Zhurkina for much valuable advice and help in this work. 
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EFFECT OF ATMOSPHERIC TURBULENCE ON THE KINETICS 


OF AEROSOL COAGULATION 


O.M. Todes and A.A. Chekunov 


Turbulent pulsations in the atmosphere continuously decrease the particle concentration of an aerosol 
cloud for two reasons, Small scale pulsations intensify the chaotic motion of the particles and accelerate their 
coagulation. Large scale pulsations dilute the cloud and increase the volume occupied by the aerosol particles. 
The first of these factors decreases the particle concentration by a simultaneous increase of the particle size, 
while the latter does not affect the particle size. 


The constant of turbulent coagulation, The influence of mass flow on the coagulation rate was considered 
even by Smoluchowski [1] and Muller [2]. Coagulation in turbulent flow was studied by Wigand and Frankenber- 
ger [3], Tunitsky [4], Teverovsky [5] and Levich [6,7]. As the result of all these investigations it may be re- 
garded as established that the influence of turbulence on coagulation rate increases very sharply with increasing 
particle size. In the case of aerosols with particles of the order of 1078 to 10~ cm turbulent diffusion does not 
play any important part, and the coagulation rate is determined entirely by the laws of Brownian movement. 
This view is challenged only by Teverovsky. However, Teverovsky's interpretation of his experimental data 
gives rise to a number of serious objections. Let us consider this important question in greater detail. 


It was shown by Smoluchowski [8, 9] that in coagulation resulting from collisions between particles in 
Brownian movement the rate of change of the particle concentration N with time t is given by the expression 


dN 
—— = KN? ; (1) 


; F 8 kT P : . . : 
The coagulation rate constant in this case is K = 4 -— , where 7 is the viscosity of air; k is the Boltz- 
n I 


mann constant; and T is the absolute temperature. Integration of Equation (1) gives the well known law for 
the linear increase of the particle volume with time 


4 4 
— = -— “t. 2 
Equations (1) and (2) remain valid even if the polydispersity of the coagulating sol is taken into account, 
and only the coagulation rate constant is about 10% greater than the value calculated by the Smoluchowski 


equation [10, 11], 


The theory of turbulent scattering of impurities in the atmosphere has been deve loped fairly fully by 
Laikhtman [12] and others. In the case of a linear source perpendicular to the wind direction, the volume of 
the aerosol cloud increases in direct proportion to the distance x from the source, Hence it may be concluded 
that 1/N increases linearly with x and that 


(3) 


where 
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(4) 
pet Q 


© 


») 
ae nS dr4u 


Q is the output of the source per unit length (in g/m -second); ris the particle radius (in m); 6 is a density 
of the particles (in g/m’); S,, is the vertical component of the turbulent diffusion coefficient (in m*/second); 
° . ° 3 
u is the wind velocity (in m/second); and N is the particle concentration of the aerosol (1/m’). 
When the aerosol cloud is moved by the wind, x = ut and the coagulation rate Equation (1) can be writ~- 


ten in the form 


dN, 1K ye ; (5) 


Assuming that coagulation in the atmosphere is wholly determined by turbulent pulsations, Teverovsky 
replaces Equation (5) by the analogous equation ' 


BND Ky aieio (6) 
ier yah 


and introduces, for the turbulent coagulation constant Ky, the relationship 


Ky = 4er (=) (+) (7) 


y2 


where L is the turbulence scale; 1 is the length of the path of mixing; A" is the average free path of the parti- 
cles coagulating on collision; D = Lu is the coefficient of turbulent diffusion, and vy is the kinematic viscosity 
of the air. 


If both turbulent coagulation and scattering are present, Teverovsky considers the two factors to be addi-~ 
tive, and proposes the following equation for the rate of change of the particle concentration during motion of 
the cloud: a 


dN Ky Sere 
— a(t 44)m. (8) 
Integrating this equation, he finds that 
ul £ K, 4 
wert +) - 


and compares the resultant theoretical N(x) relationship with his experimental determinations of the particle 
concentration at various distances from the source, Hence he calculates the value of K-p and compares it with 
the value calculated from Equation (7), obtaining satisfactory agreement between the theory and the experi- 
mental results. However, this agreement is purely apparent. The reason is that in the integration of Equation 
(8) the turbulent coagulation constant was assumed to retain a constant value. In fact, however, the values of 
Xd’ and r contained in it increase with decreasing particle concentration as follows; 


, —"Is of 3¢e t—"In 10 
i’ = N andr=Y AN o (10) 


Conse quently 
3 o v] 8 or 5 5 
AN ip =< An V Mass Mee : N Is = BN Ia 


Substituting (10) into (8), and assuming, with Teverovsky, that K~T/u > 1/A, we find 


dN K, ’ 
im = — NV? = BN, (11) 
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Integration of Equation (11) leads to a totally different expression for the particle concentration as a. func- 
tion of distance 


a 2 a oe. 
N's = Ny’ eg mi 


(12) 
It follows from Equation (12) that at a certain distance 
3 ou 
®inax == ~5- > No" (13) 


coagulation ceases completely and the particle concentration N becomes zero. Substitution of the numerical 
values given by Teverovsky into Equation (13) gives xy,4x #150 m. This was not the case in reality, and in 
Teverovsky's experiments the aerosol continued to coagulate at considerably greater distances, and the coagula~ 
ting particles, when conveyed by wind of u s 3 m/second to a distance of 1000 m, increased in size from 2-1075 
to 4-107 cm. Thus, Teverovsky's experiments do not provide convincing proof of his theory concerning the 
significant influence of atmospheric turbulence on coagulation, and we may, together with the other authors 
cited earlier, assume that for particles of the order of 10° cm, Ky « K. 


Kinetics of the variation of particle concentration, For the derivation of a fundamental equation for the 


coagulation kinetics of a scattering cloud it is also necessary to examine critically Teverovsky's second assump- 
tion concerning the additivity of the coagulation and scattering processes. Consider a certain isolated volume 

V of the moving cloud and denote the total number of particles in it by n; then the particle concentration N 

in this volume will be 


N=n/V. (14) 


If the cloud does not expand (V = const), N and n will vary synchronously; multiplying both sides of 
Equation (1) by V, we have; 


dy 2K es 
aig EN ph (15) 


Equation (15) gives the change in the total number of particles in the cloud caused by coagulation, and it re- 
mains valid if the volume of the cloud changes with time. On the other hand, Equation (1) ceases to be valid 
when V # const. To find the rate of change of the particle concentration we must differentiate Equation (14) 


aN —<+(+) Ee ctel doe age (16) 
at dt \V Va ve: 


Substituting the value of dn/dt from Equation (15) into Equation (16), and replacing the time of existence 
of the cloud t by the distance traversed by it, x = ut,we have 


ae, Ne Eas (17) 


For a linear source the volume V of the cloud increases linearly with the distance x, Since near the 
source the concentration changes in the cloud should be determined by more complex relationships, we intro- 
duce an interpolation formula 


="6.5(K 4X5), (18) 


valid only for a certain distance x > Xg from the origin of the cloud. Taking logarithms and differentiating Equa~- 
tion (18) we have 


Vag Fee Doe (19) 
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and the final equation for the process involving coagulation and sca ttering takes the form 


7 § N 


Fhe u Xq -|- av 
This equation is easily integrated by separation of the variables. The general integral of Equation (20) 
has the form 
1 4 e 


kK ‘ 
mae +. Weal pape (x + %) In 


ee res) 
ar) : 


Analysis of Equation (21). For analysis of the relationship derived in the form of Equation (21) let us con- 
sider the limiting cases of small and large distances. 


1. For small distances when x << Xp it is possible to resolve the logarithm into series and to use only the 
first term In(1 + x/X9) s X/Xp. Then, with an accuracy up to terms of the second order, we have from Equation 


(21) that 


7‘ 
woart(e+ : Va. (22) 


u Noo / 


It is thus seen that Teverovsky's assumption of the additive influence of coagulation and scattering on the 
particle concentration is valid only for very small distances, when the dimensions of the cloud are only slightly 
greater than the original. 


2. At large distances when x > X9 we may replace x + Xp by x, and Equation (2) takes the form 
1 Uae es Kuo e (23) 
ieee rae se aera =). 
In this case simple additivity no longer applies and the variation of the particle concentration with dis- 
tance depends considerably on the dimensionless parameter : 
KN % _ KNo (24) 
Ua Uy aa 
which represents the ratio of the coagulation rate to the rate of scattering. 


When u = 5 m/second and xy © 50 m, the rate of scattering u/x» = 107! sec"! The coagulation constant 
K = 3: 107! cc/second, at a low initial concentration Np = 10° cm*3,the rate of scattering KN) s 3-1074 secu! 
: KN 1 
and the ratio of the rates ——% ~ —~ « 1. In this case, even when x/Xp * 1000 the value of Inx/xg does not 
u/X9 300 0 
exceed 7 and coagulation may be neglected with an error of 2%; from Equation (23) we have that 


N = No° Xo/Xx. (25) 
Consequently, at low initial concentrations of the aerosol cloud the decrease of particle concentration is 


mainly determined by scattering of the cloud, and coagulation, even at large distances, produces not more than 
~ 0.5% increase in the average particle size. 


j Paes ‘ 2 2 SN 
At a higher initial aerosol concentration, Ny * 10° cm™3, the ratio ae 3 and at large distances the 
0 


digit 1 in the parenthesis of Equation (23) may be neglected in comparison with the second term. In this case 


aie i x 
> sete. adie ech Ny (ip, 26 
N No Xp u a Be a In el i 


Comparison of Equations (26) and (2) shows that even if the rate of scattering is low in comparison with the 
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coagulation rate (u/xXg < KNo), nevertheless at large distances scattering has a significant influence on the parti- 
cle concentration N, which decreases In x/xg times as rapidly as in an enclosed space. 


Since at large distances the volume of the cloud increases in direct proportion to the distance 
V &Vo' X/Xo, (27) 
the total number of particles in the cloud will decrease according to the law 


Sask poietic Wank a oe Rei ae 
Kz, In(x/2a) ~ In(x/ a) ’ 


n= NV = (28) 


i.e., relatively slowly. Since the average radius of the particles is inversely proportional to the cube root of 
their number (F~ n7!/s), as coagulation proceeds and the cloud expands, r will increase still more slowly with 
the distance, according to the relationship 


For Was 
—=VY In—. (29) 


Xo 


If, for instance, x/xg = 1000 and Inx/xp ® 7, the total number of particles n will decrease by a factor of 
7, and the particle concentration N will decrease by a factor of 7000, while the average radius of the particles 


will become only (1)! 2 times as large. In the case of a point source, scattering of an aerosol cloud in the 
atmosphere occurs not only in a vertical but also in a horizontal direction at right angles to the wind. The par- 
ticle concentration then decreases still more rapidly, while the particle size increases more slowly. 


SUMMARY 


1. In the motion of an aerosol cloud consisting of small particles of the order of 107° to 105 cm in size, 
small scale turbulent pulsations do not significantly increase the coagulation rate constant. 


2. Large scale turbulent pulsations scatter and extend the cloud and thereby decrease the absolute rate of 
coagulation. Therefore, the particle size in an aerosol cloud in the atmosphere increases much more slowly 
than in an enclosed space. 
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SETTLING OF AEROSOL PARTICLES ON.THE WALLS OF AN ENCLOSED SPACE 


I. Todorov and A. Sheludko 


The settling of aerosol particles from the volume of a sphere on its walls is theoretically considered in 
this paper. It is assumed that the aerosol particles approach the walls by diffusion and sedimentation, and that 
no convection occurs in the gas. The coefficient of adhesion of the particles to the walls is assumed to be less 
than unity. This value is probably close to unity [1], but it nevertheless depends on the presence of surface- 
active substances [2], so that there are no grounds for assuming that it is equal to unity. 


Our chosen model of a spherical space, with convection ignored, is of practical significance, for example, 
in calculations relating to dust removal by foam, and also as the limiting case of dust removal by filtration of 
aerosols through porous filters at a low rate of flow. In the latter instance, with a random arrangement of cap- 
illaries in the filter, such a filter will correspond to a certain spherical space the effective radius of which is 
determined by the capillary diameters. The question of the exact relationship between this effective radius and 
the actual capillary diameter is not considered here. 


The following simplifying assumptions are made in solving the problem. 


a) The aerosol concentration is taken to be fairly low, so that the coagulation rate is low in comparison 
with the rate of settling on the walls. This is a significant case, because if coagulation prevailed the walls 
would not influence the rate at which the aerosol particles are removed from the space. For a low particle con- 
centration it can be assumed that the behavior of any given particles does not depend on the presence of other 
particles in the system, and also that the particles always settle on unoccupied regions of the wall surface and 
the adhesion coefficient does not change with time. 


b) The adhesion coefficient is assumed to be independent of particle size. 


c) The spherical space is fairly large relative to the free path of the gas molecules, so that it is possible 
to use the ordinary diffusion equations and to assume that the velocities of the aerosol particles throughout the 
volume, right up to the walls, have a Maxwellian distribution. 


A preliminary qualitative examination of the problem on the assumption that the adhesion coefficient 
o = 1 shows that particles of medium size will be the slowest to settle. Larger particles will mainly settle by 
sedimentation to the bottom under the force of gravity, and the smaller particles,by diffusion to the walls. The 
maximum time t, in which a particle will settle to the bottom is evidently given by the expression ts = 2aB/P, 
where a is the radius of the sphere; B is the coefficient of friction of the particle; P is its weight. The order 
of magnitude of the maximum time tg in which a particle will reach the wall by diffusion can be calculated 
from its mean square displacement A? = 2Dt, if we assume that A? = a”, so that ty = a’B/2kT, as 


Dp = kT/5, (1) 


where k is the Boltzmann constant and T is the absolute temperature. It is obvious that ts decreases and td in- 
creases with increasing particle size. Therefore, for the smaller particles the time for settling by diffusion is 
less than the time for settling by gravitation, while the converse is true for the larger particles. Particles for 
which ts tq will remain longest in the suspended state. It follows from this approximate condition that the 
weight of the most "stable" aerosol particles will be 


Py 2 4kT /a. (2) 


495 


It is interesting to note that Pg is determined only by the mean kinetic energy of the particles and the size 
of the space from which they are removed, and is independent of the viscosity of the gas. The time during 
which the suspended particles will be removed by the walls is determined by the time for the removal of parti- 
cles with P = Pp, and is given by the expression ty = a?B9/2kT, where Bg is calculated from Pp for a given shape 
of the aerosol particles. Thus, the rate of settling of aerosol particles in an enclosed space depends on the be - 
havior of particles with P = Pp. The order of magnitude of these particles can be determined from Equation (2). 
For example, for a = 10~ cm the effective radius of these particles Rp is comparable to the mean free path of 
air molecules under atmospheric pressure and at room temperature. Therefore the Cunningham-Millikan equa - 
tion should be used for B: 


Fes 6ry_R (3) 
Ba fa Beebe’ 


The quantitative treatment of the problem is as follows: suppose the aerosol is contained in an enclosed 
spherical space of radius a. We use a system of coordinates with the origin in the center of the sphere and the 
OZ axis directed downward. The particles fall under the action of their own weight at constant velocity v ac~- 
cording to Stokes’ law 


v=P/B (4) 


and undergo random thermal motion. The weight of a spherical particle will be 


P= ‘3 - Rog, () 


where p = ~4— Pz is the difference between the density of the particle p, and of the gas p,; g is the accelera- 
tion due to gravity. Let U(r, t) = U(x,y, z, t) be the concentration of the aerosol particles. By condition (c) the 
average number of particles meeting unit surface per second is\| kT/2nmU (r, t), where m = 4n/3 Rp. U(r, t) 

for particles of one type satisfies the forced diffusion equation 


au au 
‘gp = DAU — v=. (6) 


At the surface of the sphere a x? + y? + 2 =r = a) the following boundary condition is satisfied 


au Y kT 
—D an = % Sena U (r, i). 


If we put 


wae V 2am dD 1” V 2nmkP 
[ee oes Ba &? (7) 


the boundary condition is written in the form 


ou 
U = — XK kA (8) 


‘ Suppose at instant t = 0 the initial concentration distribution is symmetrical with respect to z 


U(r, 0) = Up(r) = U(r, 0). (9) 


We can put Ug(r) = Cp or 


U, (r) = Coeh2, (ky pt 0). (10) 
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We first solve Equa tion (6) for the boundary Conditions (8-10), and then show how it can be used for approxi- 
mate solutions. We solve the problem, in the first approximation, for small values of x. We determine the 
settling rate for this approximation and find the weight P, and the corresponding radius Ry of the most "stable" 
particles, 


a) By the substitution 


v 


cod, 
U(r, t)=V(r, the *D * 22 (11) 


‘ 


Equation (6) becomes 


Sy = DAV. (6") 


In spherical coordinates, 0, ¢ (9 is the angle included between r_ and z), on the assumption that axial 
symmetry is maintained (a9V/ag = 0), 


AV = Ap = <5 (r* cule wr Pighe: (sin 0%), 


* Or or r?sin?0 00 
Equation (8) is obtained in the form oe —(1 pe 3D ” cos 6) V 
ie 


Separation of the variables gives the auxiliary equation 


A 98, (7, 9) +28, (7, 9) = 9; (12) 
for the boundary condition 
” 
xm = —(1 oe spy C08 0) 8,» (7 =a). td 


The solution of Equation (12), corresponding to its proper value of A, has the form [3]: 


co 


g, (7, 0) = Dd) CAS, (Ar) P, (cos 6), (14) 
n=0 
azla ty) ; : 
where Sp(z) = Vi ; 1,(Z) is the k-th Bessel function 
Zz 


I, (2) = 2 sing; I; 20-Valr- cos z)); 
Ipaa (2) = PI (2) —Ip-a(@ (8) 


P,(z) are Legendre polynomials. 
The Boundary Condition (13) gives: 
x SOAS (2a) Py (cos 0) = : 
n 


Be sc [Sn (ha) + 5% S'p (a) cos 0] P,, (cos 9). 


n+l 
With the aid of the identity zP,(z) = or Pr1(Z) + ere P 41 (2) [3] the boundary condition may be writ- 


ten in the form: 
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C [xSo (Aa) | Sy (Aa)] - CP 2 Sy (Ka) + 


6D 
+ {Cha ge FS Suna (2) + Ch AS (Ra) -F Sn a] + 


1 
=| Ce Fl ay a i say Sn41 (.a)} Pi (cos 0). 


Since this equation is identical with respect to 9, all the coefficients before P, (cos @) are equal to zero: 


4 “py 


[xXSy (a) + Sp (da)] C2 + 4 3% $1 (da) C} = 0 ) 
2°. 5, (ha) CA + DAS; (a) + Sy (ha)] CE + F589 (Aa) C2 = O 


(15) 
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pen Dp Sin—1 (ha) Crt = [AS (Aa) + Sy ().a)) ch, 


4 
$+ FH Smt (a) Capa = 0 


The Expression (15) is an infinite linear homogeneous system for unknown coefficients eno From the con- 
dition that the system (15) has ; nontrivial solution we determine the proper values A, of the parameter A. We 
shall denote the coefficients Cy Xk by ck and the proper function, corresponding to the proper values of A, by 
8, (t, 6). It is convenient to represent gy(r, @) by the standardized condition 


| 


The solution of Equation (6") is obtained in the form: - 


g2(r, 9)r? sin Odrd) = 1. 


i rE} 


~Dr2 
V(r, 0; t) = >) BB, (r, Oe ay (16) 
k 


The coefficients B, are determined by the initial condition. According to Equations (9) and (11), V(r,6; 0) = 


r cos 6 


v 
=U,(r, Ge 2 , so that 


. ee ey 0 
B, = \Uorr, bye 2D T's. (r, 0) r2sin 8 drdé. (17) 
0 


Especially,if Up(r, @) = Cyeks COS © (10), i.e., V(r, 0; 0) = Co eat cos @ , (ke = ky — v/2D), then according to 
Equations (14) and (4), 


a 


By = 2C, bd Ch (i)" |S, (Aur) Sn (— thar) r2dr. 


0 


From Equation (11) we have for the required concentration: 


U(r, t) = BB pe (" We Pilg a tt apy 8 0 ne! 
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p 
b) We break off Equation (14) at the p-th term: u, (7, a= SH ChSn (ur) P,, (cos 0). The boundary 
n=0 


condition is then obtained in the form: 


[xh So (Rua) ++ So (hua)] CE + -7 2? 8, (Aya) Cf = 0 


apy So (ha) CO + PAnS) (Rua) +S, Qdna)] CF + 2 mS (4a) ¢ C3 = 


the term a 5 Sp (Axa) Py, 44 (cos 0) ce is neglected . 


Cancellation of the coefficient determinant is necessary, and it is sufficient that this system of p + 1 equa- 
tions with p + 1 unknowns te should have a nontrivial solution: 


So (A,,@) HS, (Apa) + 54K 2 xv 
2D k ke 1( k )+ 1(A;,@) ay 51 (Ay) 0 wp 
6 . p e me ° i eR Nee 2 eae Sorat, Ay Shy Age Pee 
0 2p—1 2D Sp~1rp2) ApS y (24.4) +5 9(Ay,2) 


(19) 


The approximation made gives reason to assume that from the system of Equations (19) it is possible to de - 
termine the first p + 1 proper values (in order of increasing modulus) and consequently expansion of Equation 
(18) can be appropriately stopped at the (p + 1)-th term. 


c) In order to find an expression for the aerosol concentration which is more convenient for calculations, 
we make the simplifying assumption 


x< a, (20) 


which, as will be shown, is justified for the cases with which we are concerned. 


We solve the problem in the first approximation, taking the first terms from the expansion of Equations 
(14) and (18). If we limit ourselves to accuracy of the first order with respect to x, then the proper values of 
AX, are determined from the System (19) as the roots of the equations KAKS) (Axa) + Sn (Aka) = O [the Deter- 
minant (19) tends to zero together with x? if at least one of the terms along the main diagonal cancels). 


Suppose, for first orientation that x = 0. The smallest positive root of the equations S)(Aa) = 0, n = 
= 0,1,2... will be A, = m/a (root of the equation Sp(A‘a) = sinAya/A,a = 0 [4]). In the general case the 
least proper value is determined from the equation KA4Sq(A4a) + Sp(Aya) = 0, or 


eae tens | (21) 
a sin Aya — A,a COS Aya 


Since according to the Assumption (20),«/a is small, Aya is close to m. (Aya < m). Expansion of Aya by 
powers of «/a gives 


7 3 


chirgtige 


Aya = 


We confine ourselves to terms of the first degree with respect to x/a, as terms of higher degrees have al- 
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_—— 


ready been omitted (19); this gives: 


ae oD 


From Equations (14), (17) and (18) we have in the first approximation 


; sinkyr spy 70° . -( +D a) (23) 
U(r, t) = Co SBT gap 

where cp is a measure of the initial concentration of the aerosol particles. It is seen from Equation (23) that in 
the first approximation the concentration distribution at time t does not depend on the exact form of the initial 
Distribution (9). Equation (23) is the exact solution of the problem for the initial condition U(r, 0) = 


in? —— 7 cos 0 
= ee e 2) 
of gravity displaced downward along the OZ axis. The fact that even this approximation has a physical basis 
and is nontrivial is evidence that the general form of solution is acceptable. The subsequent calculations are 
based on Equation (23). 


, which corresponds to an axial symmetry of distribution of the aerosol with the center - 


d) According to Equation (23), the value 


K =5+DN = 


can be regarded as a measure of the-settling rate. By means of Equations (1,3, 4,5, 7 and 22) it is possible to 


express this rate as a function of the radius R of the aerosol particles and of the parameters T, a, p and n. Re- 
placing v, D and A, by the quantities equal to them as given by these relationships, we have 


Rie ( aay (RS + ADRS) 4 


bna 3kT | 
+(e+H\(1 ula ae (1 2 Sea 4 ee 


where K—> oo when R— 0 or R—* o, so that for a certain radius Ry > 0 we have maximum stability. To 
find Ry, we first assume as an canis. that k = 0. When a = 1x is very small,as will be shown later. 


tien & (Se) (RE AMR) + + AA]. | ut 


bya? 


__ 2ega 25 
meas yi ae ) ee 


_ After simple transformations of the equation 9K/aR = 0 we have 


5p2R? + An2ALRe — R —2Ad = 0. (26) 


Introducing also the shortened forms 


dno» dea 

S=(V5-pys R (27) 
and 

y) i tS 28 

t= AMV 5p) s, me 

pl atten ta 
we obtain Equation (26) in the form r= 5_ fF f. The analytical expression for f(r) will be 
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i) = YW t= 4 — etm), (29) 


where, approximate ly (we make use of the fact that g(r) is small) 


ee of 1 +t 
eee (30) 


8) =" Set BAe 


6 
The function f(r) increases and / (0) = 1; lim f(t) = V5 =1,308.. Detailed investigation, omitted here, 


shows that Equations (29) and (30) are exact. The correction for g(r) < 1/10. 


Finally, for the radius of the most "stable" particles we have, according to Equation (27) 


r= (aPg (4) ee e 


where r is given by Equation (28). The weight of these particles will be 


4 {5 | 
Py = *% Ripg = 2,81 VERE (t — 3g (2) + 362 (gy (32) 


The coefficient of kT/a depends little on T or a. In fact, r ~ (a/Ty'/s while f*(1) increases very slowly with 
t: forO< r< 2; 1< f(r) < 1.81. 


Let us now consider the more general case when « # 0, but small. The condition for the minimum rate 
of settling is obtained in the form 


€ 


(5p2R? + 4p2AMR® — R— 2AR) + = (K+ GARR + 54%!) = 0, (33) 
where 
Alaa, 4 (34) 
oO 3ya * 


The term in the first set of parentheses coincides with the left side of Equation (26), while the second term re- 
presents a small correction, as «/a is small relative to e\f R/a. We can therefore put for the radius of the 
most “stable” particles 


Ra =R,(1—8), a 


where Ry is given by Equation (31) and & is a small correction. For approximate calculations we neglect the 
terms €? and Ee, which corresponds to the approximations in calculation of 44; from the Condition (33) we have 


— Taf? (s)§— Ape (sy + Rai + He(R, + 6an +5 4) = 0, 
0 
16.3 
2 


a 


et gegen pee ate 36 
(7P0 + Eat An) {®(z) — Ro ar 
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Finally A? 
Ry + 6Aa + 9 ok 2 4 


| Pee cc Gin LASS Rie GE ee ES 
ee oy ae mee — 7 a 
Ry = Ro (1 — &) = Ro 3V 3na (7R. ey 5 An) j8(z)— Ro (37) 


and correspondingly: 


P, = Py(l —t)' = Py (1 — 3) = Po(1 — 4), - 
where Pp is given by (32) and € by (36); 
Ry + 6Ar + pone 
R > 
(and : 5 °__Y Roe (39) 


(77 es An) #8(.) — Ro 


together with A[Roe, a small quantity. 


Let us consider the concrete example of the settling of quartz dust(p = py — py = 3 g/cm?) in air at at- 
mospheric pressure and room temperature [A = 10cm; A = 0.9; n = 1.816: 1074 (g cmfAecond)]. Leta = 
= 2.10% cm; then we have 

1 
Bs 


ie (2.236 bd ) 4527-408 em? 


Jo 


a ‘ oon 
y = (tb Bey* ( | TNT Bt e 
1)=(iee) app iorg ipa) = 1186, 


Ry = LO = 0.894-10°5 om 
(VSu)* 
P= - nRiog = 8.8-10712 dyne 


and, approximately, at a and T close to those used 


2 kT 
Py a et) = 412 


Et a 
(this is in almost complete agreement with Equation (2) derived by a semiquantitative method). 


When 


HH Vinge Ae (VF + AVA) = 3,23-10°* om, 
0 


Therefore, in this instance Assumption (20) is justified, as «o/a = 1.615. 1074 is small. 


VE, eae 2. =0,805-10- and af = > = 4,02-10°8, 


The coefficients of 1/q in (37) and (38) are small, so that this is not a convenient way of calculating the 
adhesion coefficient a. 
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The fact that Ry or P, depend little on a, at approximately q > 0.1, justifies the approximations Ia and 
Ib. Our chosen value for a corresponds in order of magnitude to the dimensions of the capillaries in the lungs. 
Consequently, when air containing quartz dust is breathed in, particles 2- 107° cm in diameter are retained 
least effectively in the lung capillaries and penetrate into the depth of the lung. It is interesting to note that 
according to some reports particles of this size are met most frequently in the lungs of silicosis victims. This 
_tesult confirms the views of Vigdorchik [5] on the absorption of dust by the lungs. It should also be pointed out 
that the formulas derived by Buchwald [6] are readily obtained from our Equation (18) if sedimentation is ig- 
nored (v = 0) and the concentration at the walls is assumed to be vanishingly small (x = 0). 


SUMMARY 


1, It is shown theoretically that the settling rate of aerosol particles on the walls of an enclosed space 
containing them depends on the particle size and reaches a minimum value for an optimum particle size. A 
relationship has been derived between the optimum particle size and the temperature, radius of the enclosed 
spherical space, adhesion coefficient, and viscosity of the gas. 


2. It is proved that the distribution of settling rates according to particle size depends little on the adhe- 
sion coefficient if this coefficient is not too small. 


3. It is proved that the weight of the particles settling at the lowest rate can be calculated fairly accurate 
ly by the approximate equation Py = 4kT/a, where a is the radius of the spherical space. 


In conclusion, we wish to thank Professor Khr.Ya. Khristov for much valuable advice. 
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APPLICATION OF THE METHOD OF. APPROXIMATIONS TO 
CALCULATIONS-OF FLOW OF, DISPERSE SYSTEMS 


N.V. Tyabin and G.V. Vinogradov 


The advantage of the method of approximations for technical calculations of flow processes in disperse 
systems lies in the fact that it is not necessary to know the law of flow in the form of a continuous relationship 
between the true velocity gradient (D) and the shearing stress (r), D = g(r), and it is possible to perform cal- 
culations on the basis of viscosimetric data obtained by direct experiments. 


In the previous communication [1] examples were given of the approximation of flow curves for solid 
greases, with variations of the velocity gradient over a range of five tenth-powers, in the form of three or four 
straight lines corresponding to Shvedov-Bingham equations, However, the number of Shvedov-Bingham equa- 
tions approximating to the flow curve for a plastic disperse system can be decreased considerably if the actual 
flow conditions of the disperse system are taken into account. It is first necessary to select the scale of the 
graph used for approximation of the flow curves. The choice of the scale should be based on the values of the 
maximum velocity gradients and tangential stresses in the flow zone. We shall consider, as examples, approx- 
imation of the flow curves for a plastic grease and bitumen. 


Plastic greases are widely used for lubrication of sliding bearings, when the flow velocity gradients reach 
high values (10°-108 sec™!), A consecutive approximation to the flow equation for solidol grease at 20° [2]: 
TR = 3500 + 6D + 2800 D'/s was given in the previous communication [1]. 


If the graphical scale chosen for the approximation corresponds to a velocity gradient of ~ 10° sec”, and 
the experimental error is assumed to be 5%, it is seen (Figure 1, where the error zone is indicated by broken 
lines) that the flow curve for solidol in the zone of high velocity gradients can be fairly satisfactorily approxi- 
mated by one Shvedov-Bingham equation; 


T= £64. 4g, Q) 


where @ = 7.9: 104 dynes/cm?; = 5.2 poises. 


A plastic grease in the low velocity gradient region, where the nonlinear relationship D = g(r) is most 
pronounced, can for simplicity be regarded as a "continuous" solid body, while the flow of the grease in the 
bearing should be calculated on the basis of the Shvedov~Bingham Equation (1). There is no doubt that relative 
flow will occur in the continuous “solid” body region, but at a velocity 3-4ordersof magnitude lower than in 
the main mass of the grease, and it may be neglected. Thus, for describing the “deformation” process in the 
zone in which the tangential stress is less than the limiting (yield) stress which follows from the Shvedov~Bing- 
ham equation, it is not admissible to apply formally the theory of elasticity, as flow at very low velocity gra- 
dients occurs in this zone. 


As a second example of the method of approximations, this time for a zone of low velocity gradients, let 
us consider the approximation of the curve for the flow of bitumen [3]. , Bitumens and materials based on them 
are used for construction of hydroinsulation covers and roofs. The durability of such a covering depends on the 
ability of a thin layer of bitumen (2-3 mm) to resist flow down inclined surfaces when the air temperature rises 
[4]. To select the graphical scale for approximation of the flow curves for bitumen, we determine the maximum 


tangential stress at the roof surface; 
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0 < 30 % 7.19) dynes/cm? 


Fig. 2. Approximation curves for experimental 
data on the flow of bitumen III at 20° in the 
region of low tangential shearing stresses: 1) 
Newtonian straight line; 2) Shvedov-Bingham 


Q EE aver ae. Sa. Bae line. 
dynes/cm? ‘ 
Fig. 1. Graph for the approximation of the flow Tmax= {h (sin %)maxs (2) 
behavior of solidol at 20° in the high velocity gra- 
dient region: 1) flow curve for solidol; 2) approx- where y is the density of the bitumen; h is the thick- 
imating straight line. ness of the layer; a is the slope of the surface. As-~ 


ee: Y = 1000 kg/m® and a = 90°, we find 
eS sia 10°-h dynes/cm?, Thus, a thin layer of bi- 
tumen on the surface of a roof is subjected to maximum tangential stresses of ~ 107-108 dynes/cm?, 


Approximation of the flow curve for bitumen at 20° [3, 5], shown on two scales in Figure 2, leads to two 
equations: 


T= oD (t< t)20d = 0,44,D (T1 St < Ty), (3) 


where no = 1.25: 10"! poises; ro, = 1.1-104 dynes/cm®; @, = 1.1-104 dynes/cm*; 7, = 3.9- 10° poises; 

Tog = 5:10* dynes/cm*. It is seen that ny is greater than ny by five tenth-powers, and therefore in layers in 
which r < Tq the bitumen will move ‘as a continuous body, and its flow in the zone of small tangential stresses 
should be calculated by Equation (3). 


As examples of application of the method of approximation of flow curves for plastic disperse systems, 
let us consider the flow in the gap between two coaxial cylinders and along an inclined plane under the force 
of gravity. 


Let a plastic disperse system, the flow curve of which is approximated by n Shvedov-Bingham equations, 
flow in the gap between two coaxial cylinders as the result of rotation of the inner cylinder of radius Ry at an- 
gular velocity ww». The tangential stress in the medium will be r = M/2mhr’, where M is the torque; h is the 
height of the cylinders; r is the current radius of the cylindrical coordinate system (Figure 3). In the gap n co- 


axial layers are formed, “and the radii of the surfaces of the limiting and boundary shearing stresses are given 
by the expressions 
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Fig. 3. Flow of a plastic disperse system in the gap be- 
tween two coaxial cylinders. 
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(4) 


(9) 


(6) 
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where To; are the boundary shearing stresses; 64, Oj, nj are the limiting shearing stresses and plastic viscosities 
according to the approximate Shvedov-Bingham re lationships. 


As is known, the distributions of velocities and tangential stresses in a viscoplastic medium flowing in the 
space between coaxial cylinders are given by the expressions 


By 


0 
Vis oe rlnr + Ar— “op 
; (7) 
Ov; v; 
C= +0, +4(3- —<1) = 
(8) 
1 . 
Wee 3 (i= UG Sew ky, n), 
where Aj and Bj are integration constants, found from the boundary conditions. The medium adheres to the sur- 
face of the rotating cylinder; then vy (Ry) = woR,, from the condition of continuity of velocities and tangential 
stresses at the boundary stress surfaces — vj (rj) = Viey(t), Ti(ti) = Ti+, (ti), Where (i =1,...,n-1), Th(tn = 
== — 4: 
Let us assume that the shear does not extend to the surface of the outer cylinder; then at the limiting 


shearing stress surface Vp(tn)= 0. On the basis of these boundary conditions we obtain, from Equations (7) and 
(8), a system of equations with 3n unknowns Aj, Bj, ri. Solving these we find, in particular, that 


(9) 


where it should be assumed that ati = 1, rj-; = Ry. The torque which must be applied in order to rotate the 
cylinder at angular velocity wy is given by 


By. 


0; 
Beet Ce AP a 
1 ; In? A Dp? 


(10) 


' From Equation (8) ati = 1, r; = 7;B,/Rj, and then, substituting the value of B, from Equation (9), we find 


dv; % 
ie coe 
B; d (11) 
Mn. (bse dy eg), (8) 


In calculations by this equation it should be taken, in accordance with Equation (4), that 


By Tat fo ke ae 
sy ROE —— Toi—1 / Toi» 
while 


If the shear extends to the outer cylinder, then ati = n, Ty, = Ry. Wheni=1, then the medium flow- 


ing in the gap between the cylinders obeys a single Shvedov-Bingham equation, Equation (11) gives the known 
Reiner -Rivlin equation, 


Bitumens at temperatures between 40 and 140° are typical non-Newtonian liquids [4,5], the flow curves 
for which can be approximated by two Newton equations and two Shvedov-Bingham equations (Figure 4a) [6]. . 
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For calculations of the thermostability of bitumens and materials based on them, let us consider the flow of a 
non-Newtonian liquid along an inclined: plane under the action of gravity. In this instance the stress will be 
greatest at the inclined surface and the whole stream will separate into two viscous and two viscoplastic layers. 
The coordinate system and notation are given in Figure 4b. 


The laws of velocity and tangential stress distributions, both in the viscous and the viscoplastic layers, 
are given by the expressions: 


vi (y) = — gio simay? + Ciy + Cai (12) 


Ov 
t(y) = —0,+ 4, +e = —0,—7sin ay + Cim,, (13) 
where (i=1,..., 4), 0; = 0, = 0. 


The integration constants and the unknown coordinates of the boundary shearing stream surfaces hj are 
found from the boundary conditions. The liquid adheres to the inclined surface: v4(0) = 0; from the condition 
of continuity of velocities and tangential stresses we have: 


Vi (hi) = Vi4r (hi), 1 (h) = 9; 
VW (hi) == V4) (hi) = — Ti,» (i = 2 a 3), 


where Toj are the boundary shearing stresses determined by Equation (6), if it is assumed that 6, = 64 = 0. On 
the basis of the boundary conditions, we obtain, from Equations (12) and (13), eleven equations with eleven un- 
knowns; solving these, we have: 


hy = h— fiz, BS) (14) 
Cp ee h—, (i = 1, 2; 35.4); (Oj Bye 0) aa 

" Y sin a <i 2f1 1 : : . 
C0, (17) 


The rate of flow at the surface of the layer is found from Equations (12) and (14-17) when i = 1 


wa tine [fans (td te(L— deh — dal 


uit 1 Ne Na 
; 4 Caney fay fa | 4 4 4 
+ysin ah |(5-— >) +(—-— S2)a #(G  o a] 
65 03 0. 05 
ase Bs. ase (= =] h —hs, 
N2 ik) Ne Ns . 
Tot % Rr ne Mee oe a 
where hy = h— ysina’ hg =h ysina ’ igh ysina ° 


This expression can be used to calculate the flow rate at the surface of the bitumen layer, i.e., to evalu- 
ate its thermostability in relation to y, a, h and the six rheological constants ny, ne. 2, n3» 03» N4 (Figure 4b). 


It must be noted in conclusion that the flow curves can be approximated not only in the form of Shvedov- 
Bingham equations in the usual coordinate system, but also in the form of exponential functions D = krN in 
logarithmic coordinates, when these functions are represented by linear intercepts. 


SUMMARY 


1. The flow of plastic greases in sliding bearings, and of bitumens along inclined planes, has been used 
to demonstrate the necessity of evaluating the actual values of the maximum tangential stresses and velocity 
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gradients in approximating the flow curves for disperse systems. 


2. An expression has been derived for the torque as a function of the angular velocity of rotation in the 
flow of a plastic disperse system in an annular gap between coaxial cylinders, when the flow curve can be ap- 
proximated by n Shvedov-Bingham equations. 


3. The flow of a layer of non-Newtonian liquid along an inclined surface has been considered. The laws 
governing the flow velocity distributions in the layers and on the surface of a non-Newtonian liquid have been 
determined; the flow curves can be approximated by two Newton equations and two Shvedov-Bingham equations. 
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EFFECT OF ELECTROLYTES ON THE STRUCTUROMECHANICAL 
PROPERTIES OF BENTONITE SUSPENSIONS 


I.A. Uskov 


Despite the large number of rheological studies of structure formation in bentonite suspensions [1], some 
important questions still remain unsolved, In particular, the mechanism of the action of electrolytes present in 
the dispersion medium is not clear; the influence of these electrolytes is often attributed to cation exchange ef- 
fects [2], although there are no convincing grounds for this. 


The present paper reports a study of the variations of the structuromechanical properties of aqueous askan= 
gel (a bentonite of Caucasian origin) suspensions under the action of various electrolytes. The purified material 
contained particles < 50u in diameter. Most of the insoluble impurities were removed by dialysis through a col- 
lodion membrane at 50-70°. The electrical conductivity of a 6.91% suspension was 1:10 ohm! cm™!. To 
eliminate aging effects, the original 6.91% suspension was kept for 6 months; it was subsequently diluted with 
water or the appropriate electrolyte solution down to 3.12% concentration. 


The structuromechanical properties of the 
suspensions were studied by means of a coaxial 
cylinder instrument (Figure 1) of the Shvedov 
type [3]. Measures were taken to prevent evap- 
oration of the suspension during the experiments 
and to ensure a constant liquid level in the outer 
cylinder. The temperature was kept constant by 
means of a circulating thermostat set to 25°. 


The method for obtaining a group of de- 
formation-time curves, developed by Rebinder 
and his associates [4], requires several hours for 
each experiment; this restricts its use to systems 
in which no appreciable changes occur during 
this time. This method is not applicable in this 
form to askange1 suspensions containing consid- 
erable amounts of electrolytes, when syneresis 
effects hinder the experiment. However, it is 
possible to shorten the time required for obtain- 
ing the groups of deformation curves, Trapezni~ 
kov [5] made a detailed study of the effect of a 
constant load on deformation of adsorption layers 
of saponin; it follows from his results that the 
time required to reach a constant deformation 
rate is shortened tens of times as stresses corres- 
ponding to breakdown of the structure are ap- 
proached. We obtained similar results for ben- 
tonite suspensions, It was found experimentally 
that at stresses close to the strength limit of the 


Fig. 1. Diagram of the main part of the instrument used 
for studying structuromechanical properties: 1) outer 
cylinder; 2) inner cylinder; 3) load on inner cylinder; 
4) annular space for excess liquid displaced by immer- 
sion of the inner cylinder; 5) hydraulic seal to prevent 
evaporation during the experiment; 6) mirror; 7) tor- 
sion wire; 8) thermostat liquid. 
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structure practically steady flow is established in 
“1-2 minutes. The approximate strengths of the 
structure were first determined in the experiments, 
boreal tae and the exact values of the structuromechanical 
constants were then calculated from curves plotted 
for fresh samples of the suspensions. The time of 
structural buildup in the suspensions (after filling 
of the instrument) was 1 hour in all experiments. 
The average deviations in repeated experiments 


P dynes/cm? 


0 


50 from the average values of the measured quanti - 
SEE IESE Ae ties did not exceed 7%. 
mg ~equiv/liter The effects of electrolytes most commenly 
a A mie met in oil well drilling — sodium and calcium 
0 fi 2 A 4 Fee 2 F : 
mg-~equiv/g chlorides and sulfates — were studied. It was found 


by preliminary experiments that the variation of 

the structuromechanical properties of the suspensions 
under the influence of added electrolytes continues 
for a long time. This effect was quantitatively 
studied for a suspension containing 0.053 mg-equiv 
sodium chloride per 1 g of bentonite (see table). 


Fig. 2. Variations of the limiting shearing stress 
(yield value) of a 3.12% askangel suspension with 
electrolyte concentration: 1) sodium chloride; 2) 
sodium sulfate; 3) calcium sulfate; 4) calcium 
chloride. 


Variations of the Structuromeéchanical Properties of an Askangel Suspension after Addition of 
Sodium Chloride 


E, Pr 
dynes/cm? dynes/cm? 


It is seen from these results that during the first day the elasticity and viscosity of the system show very 
large increases. Subsequently, the rate of increase of the structuromechanical characteristics diminishes, but 
_ they continue to increase even a month after addition of the electrolyte. The possibility is not excluded that 
in our experiments partial exchange of the calcium ions sorbed by the bentonite for sodium ions took place, 
but this exchange could not have been considerable. The amount of NaCl added was 0.053 mg-equiv per 1 g 
of bentonite containing 0.354 mg~-equiv of adsorbed calcium, which was nearly 7 times the total amount of 
sodium added. If, moreover, it is considered that calcium is adsorbed much more vigorously than sodium [6], 
it becomes evident that practically no cation exchange occurs in these conditions. The observed changes in 
the mechanical properties of the suspensions were caused by the coagulating action of the electrolyte present 
in the dispersion medium, resulting in coagulational structure formation. 


The increase of all the structuromechanical constants is accompanied by a decrease of the elasticity of 
the system, indicating strengthening of the structural bonds between the particles. Not all the bonds between 
the particles which arise in the course of thixotropic structure formation are broken down when the suspension 
is shaken. The number of such bonds of higher strength increases with increasing time of electrolyte action. 


The influence of the concentration and nature of the electrolytes was studied 46-48 hours after addition 
of the electrolytes to the askangel suspension. Figure 2 shows the variation of the most important constant, P, 
with salt concentration. The other structuromechanical constants varied in the same way as P} and are there- 
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fore not given. The system was not structurized before addition of the electrolytes, All the electrolytes studied 
Caused structure formation even at very low concentrations. Coagulational structure formation greatly increased 
with additions of successive amounts of electrolytes. 


As the salt concentration increases, P, increases at first, reaches a maximum, and then decreases. The 
amounts of added sodium salts in the region of the maximum — 1.4 mg-equiv/g of NaCl and 0.9 mg -equiv/g 
of NaSO, —.are sufficient for appreciable changes to take place in the composition of the adsorbed cations. 
However, here also the determining role is played by the coagulating action of the electrolyte, increasing con- 
centration of which may lead to formation of a compact coagulate with lower mechanical characteristics. 


The hypothesis that cation exchange plays a decisive role in processes involving the action of nonhydro- 
lyzing electrolytes is éntirely unsubstantiated in relation to calcium salts. The development of elasticity on 
addition of negligibly small amounts (relative to the capacity of the exchange complex) of calcium salts and 


the extremely rapid increase of P, with increasing concentration of added electrolytes cannot be attributed to 
cation exchange. 


The proportions of electrolyte concentrations required to produce equal degrees of structure formation in 
the ascending branches of the curves are in qualitative agreement with the Schulze-Hardy rule. Bentonite par- 
ticles are negatively charged, and therefore the effects produced by salts depend on their cations. Calcium 
salts have 3-5 times the coagulational structure formation effect of the corresponding sodium salts. The effects 
of anions on ‘the structuromechanical properties of bentonite suspensions can be judged by the effects of the 
different electrolytes studied. The data for calcium salts, for which the difference between the anions is masked 
by the strong bivalent cation, are not convenient for judging this effect. Sodium salts are more suitable in this 
respect. Sodium chloride at low concentrations causes less strengthening of the structure than sodium sulfate, 
but starting with 15 mg-equiv/liter it assists the formation of a stronger structure than that produced by the ac- 
tion of other electrolytes. The concentration corresponding to the strength maximum is considerably higher 
for sodium chloride than for the corresponding sulfate, so that the sulfate ion can be regarded as the more 
powerful coagulant. 


SUMMARY 


1. Electrolytes,even at low concentrations, cause structurization of aqueous askangel suspensions. During 
the first day after addition of electrolytes to the suspension, the strength, elasticity and viscosity characteristics 
increase tens of times, Subsequently these characteristics increase less rapidly, but continue to change even 
after a month. 


2. Low concentrations of calcium and sodium chlorides and sulfates produce sharp increases in the struc- 
turomechanical constants of askangel suspensions owing to formation of coagulation structures. The electrolyte 
concentrations required to produce equal degrees of structurization conform to the Schulze -Hardy rule. Sodium 
and calcium sulfates are more powerful agents of coagulational structure formation than the corresponding 
chlorides. 


The author expresses his deep gratitude to A.V. Dumansky for his guidance, and thanks to F.D. Ovcharen- 
ko, I.A. Dumansky and R.V. Voitsekhovsky for discussion of the work and critical comments, 
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RELATIONSHIP BETWEEN THE INTRINSIC VISCOSITY AND 
MOLECULAR. WEIGHT OF BUNA~S RUBBER* 


Chien Jen-Yuan, Ching Wen and Cheng Yung-Shih 


The intrinsic viscosity-molecular weight relationship for Buna S rubber has been studied by numerous 
workers [1-5] (Table 1). However, hitherto it was not taken into account that the fractions used for the vis- 
cosity and osmotic pressure determinations might contain branched macromolecules, which would result in a 
(n] — M relationship different from the relationship for linear molecules. The presence of branched molecules, 
formed in high temperature. polymerization at high degrees of conversion, or during fractionation, influences 


the viscosity [6,7], and increases the value of the Huggins constant k’, which represents the slope of the [n] 
line relative to the abscissa axis [8, 9]. 


TABLE 1 


Relationship Between Intrinsic Viscosity and Molecular Weight of Buna S; [n] = 
= KM@ 
Polymerization Solvent Tempera - 
temperature ture in °C 

50 Toluene 30 (1) 

50 Benzene [2] 

50 Toluene [3] 
Low -tem perature Benzene (4] 

(SKS-30A) 

5) Benzene [5] 


*Estimated from the influence of polymerization temperature on the value ofa 
- for polybutadiene and chloroprene. 


The viscosity of Buna S polymerized at lower temperatures, with molecules of a lower degree of branch~- 
ing [4, 5], also has high values owing to increases of the value of a in the equation [n] = KM@.. Moreover, in 
the published papers on the osmotic pressure of Buna S solutions in toluene or benzene use was made of linear 
extrapolation of the r/c —c relationship. It is shown in the present paper that the m/c ~c relationship is re- 
presented by curves convex toward the concentration axis, and therefore linear extrapolation gives incorrect 
molecular weight values. 


Data on the viscosity and osinotic pressure of 9 Buna S fractions are given in Tables 2 and 3. The curves 
for the m/c —c relationship (Figure la) are represented by the equation 


x/e= RT (4/My + Age + Age?), (1) 


or, according to Flory, 


« 


*This paper was published in Chinese in Acta Chimica Sinica 22, 249 (1956). 
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Fig. 1. «/c —c (Figure a) and (n/c)*/2 — c (Figure b) curves for Buna S 
fractions in toluene at 25°. 


TABLE 2 


Viscosity Data for Buna S Fractions in Toluene at 30° 


—i1 In 
1 = [a] +k’; —* =[n]—B infre 
Buna S Range of : ; 
fraction tip tu) i , ey 
T22 4.80—1 ,20 4.76 0.76 | —0.17 0.59 
T3t 2.48—1 ,49 2.72 0,52 0,05 0.57 
T4 2,02—1 , 28 1.54 0.41 0,12 0.53 
Ad 1.99—1 ,37 0.92 0.40 0.14 0.54 
TS 4.92—1 ,34 0,76 0.39 0.14 0.53 
112 4.52—4,15 3,24 0,46 0.06 0.52 
121 1.63—1 ,18 2,46 0.42 0.09 0.54 
122. | 1,.67—41,19 1.97 0.37 0.13 0.50 
314 1.49—-4,15 0,50 0.34 0.17 0.51 


(2) 


If we take ry = gry at g = '/4, then a graphical plot of (n/c)'/2 will also be linear [10]. This is confirmed by 
Figure 1b, Values of (t/c)y, Mp, Ty and RTA, obtained in this way are given in Table 3. 


Cassasa [11] considered that polymer molecules dissolved in a good solvent the value of AsMw/(n] should 
be constant and independent of M. ‘Schultz [12] obtained the value AgMy/{n] = 1.39 for polyvinyl acetate in 
butanol at 25°. From the data obtained in the présent investigation, the value of AsMw/{n] for Buna S in toluene 
at 30° (Figure 2) is 0.87. Apart from fractions T22 and T31, the molecules of which are apparently strongly 
branched, the [n] — M relationship is represented by the equation (Figure 3); 
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TABLE) 3 
Osmotic Pressure Data for Buna S Fractions in Toluene at 25° (w in g/em*; c in g/cc) 


ee eee et 
Buna S : oe 
fraction | °X!° mic X 10-2] (mIc)o =| MyX 10-4} PX 107" IRTAX10-* 


SS NR 1 SES ee Ea Se a a (IR LD ee | CE 


h, cm 


T22 | 0.1809 | 040 | O40 | 0.48 | 0.45 | 474 7.5 1.12 
0.2262) 0.12] 0,48 |” 0.48 
0.2714 | O48 | 0.49 | 0.60 
0.3393 | 0.30.} 0.28 | 0.75 
0.3619 | 0.34 | 0.32 | 0.80 
0.4524 | -0.56 | 0.57 | 4.08 
T3i | 0.2609] 0.40 | 0,42 | 4.36 | 0.71 | -34.9 | 2.9 2.06 
0.4170 | 0.87 | 0.89 | 1.82 
0.5415} 1.40 | 142 | 2.24 
0.6256 | 1.86 | 41.89 | 2.58 
0.7089 | 2.37 | 2.41 | 2:91 
O.8460 |.8.47 |i .3:a8 |,3.30 
TS | 0.8687 }, 0.50 0} 0.50 5 | 2.54 .) 2.02 [ycaguy 104.38 ~| 2.70 
O.2at.| 0.82 | 0.8f |. 2.78 
aera) 4.20). fd | 3,07 
0.5218 | 1.67 | 1.68 | 3.42 
0.5002 1° 2.17) b- 247 | 3.70 
A5 | 0.2495 | 4,34 4.61 | 3.84 6.6 | 0.69 | 2.65 
O.8125 | 44.72 4.72 
Se eee) 4.88 
0.499 | 3.06 am 5.27 
T5 | 0.0817 | 0.46 | 0.49 | 4,99 | 4.75 5.3 | 0.64 | 2.90 
0.1634 | 0.99 | 1.02 | 5.29 
ee pe ee ee yy 
seen) 2.tee | 2.24 |. 6 72 
0.4085 | 2.84 | 2.90 | 6.03 
112 | 0.1807 | 0.27 = 1.30.) 0,76 | 39.4. 28.48 2 ae 
0.3614 | 0.74 =< 1.70 
0.5420 | 4.45 = 2.33 
0.7227 | 2.54 a 3.05 
0.9034 | 4.01 oe 3.86 
121 | 0.2849 | 0.62 ae 1.88))) #00: bigeep. [be 47, |e 3e 
0.4273 | 1.16 = 2.37 
0.5698 | 4.91 — 2.90 
0.7123 | 2.83 ~ 3.45 
122 | 0.1704 | 0.38 as 128be' (saad leuap ede peep bog a5s 
0.2922 | 0.78 = 2.34 
0.4260 | 1.34 as 2.73 
0.5453 | 1,99 = 3,16 
0.6816 | 2,94 4 3.74 
311 | 0.0562 | 0.64 — 9.60 | 9.49 | 2.67 | 0.49 | 4.62 
0.0964 | 1.07 | 1.15 | 9.98 
0.1406 | 1.63 | 1.66 | 10,09 
0.4799 | 2.12 | 2.44 | 10.23 
0.2249 | 2.75 | 2.78 | 10,62 


The higher value of q indicates that the fractions studied contain molecules of a lower degree of branching, as 
is shown by the values of « for polybutadiene samples polymerized at the same temperature but with different 
degrees of conversion [13]. The linear extrapolation of the r/c —c relationship used by some workers would 
give high values of M. The higher the molecular weight, the greater would be the deviations of c and the lower 
the value of a. 


EXPERIMENTAL 


Fractionation. The material studied was emulsion-polymerized butadiene -styrene copolymer obtained 
at 50° with 80% conversion, with 71; 29 butadiene: styrene ratio. The sample was extracted with acetone and 
fractionated three times by toluene-methanol mixture. Fractions T22, T31, T4, A5 and T5 were obtained 
from a sample which was dried under vacuum at 50° for 8.5 hours after acetone extraction. The fractions ob- 
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Fig. 2. Values of AgM,,/{n] for Buna S frac- 
tions in toluene. 


4 Ji 6 logm 
Fig. 3. log{n] — logM curves for Buna S in 
toluene. 
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Fig. 5. Swelling of cellophane film in solu- 
tions: 1) parallel; 2) at right angles to the 
direction of winding. 


7 
tained after the second fractionation were kept in 
Fig. 4. Osmometer; 1) osmometric cell; darkness in a nitrogen atmosphere for over seven 
2) osmometric cell capillary; 3) reference months before the last fractionation. The final frac- 
capillary; 4) stainless steel wire; 5) bung; tions were dried under vacuum at 30° for 8 hours, and 
6) mercury seal; 17) bronze plates. then dissolved in toluene. Fractions 112, 121, 122 


and 311 were not dried during purification and frac- 

tionation, and the precipitant-solvent mixture was 
driven off under vacuum. The viscosity and osmotic pressure were measured immediately after preparation of 
the solutions. 


Osmotic pressure measurements. The osmometer used [14] (Figure 4) was a modification of the Zimm- 
Meyerson osmometer [15]. The measuring and control capillaries were chosen so that the difference of the 
capillary rise of the solvent did not exceed 0.015 cm. The semipermeable membrane was a cellophane film 
which had been consecutively swollen for half a minute in 20, 10 and 5% NaOH solutions. The film was then 
washed in water and kept for 2 hours in 50 and 95% ethanol solutions, 1 hour in absolute alcohol, and 2 hours 


in anhydrous ethanol-toluene mixture (50; 50). As the film must not be allowed to dry, it was kept in toluene 
before use. 


The swelling of cellophane film in NaOH solutions of various concentrations was studied. Figure 5 shows 
swe lling curves for the film. It is seen that the swelling of the film is considerably greater in the longitudinal 
direction than at right angles to the direction of winding. The maximum swe lling occurred in 10% NaOH solu- 
tion. Equilibrium swelling was reached after several hours, The semipermeable membrane prepared in this way 
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1 2 
time, hours 


Fig. 6. Permeability of the membrane to the solvent after re- 
peated use: a) kept in solvent; b) after use with sample of My = 
= 17.5 x 104; c) the same, with sample of My = 3.3 x 104; 1) os- 
mometer immediately after assembly; 2) after use during three 
months. 


h, cm 


t/] 4 ery tr) sees 
time, hours 


Fig. 7. Determination of osmotic pressure (a) 
and membrane asymmetry (b) by the half-sum 
method: 1) descending curve; 2) ascending 
curve, 


showed appreciable asymmetry at first, up to several 
millimeters of solvent column, but after the membrane 
had been kept in the solvent for a week the asymmetry 

did not exceed 0.02 cm. The membrane was tested for 
Buna S fractions of M, = 33,000 and 22,000. In the for- 
mer case the osmotic pressure did not decrease for 5 days, _ 
while in the latter case it fell by 5% in the first day and 
then continued to decrease, but at a lower rate. Evident- 
ly membranes prepared in this way can be used for deter- 
mination of molecular weights above 30,000. : 


7-11 osmometers were put into a thermostat at 25°, 
+ 0.01°. The osmotic pressure was measured by the static 
method. The difference between the heights of the liquid 
columns in the capillaries was read off by means of a 
cathetometer with an accuracy of 0.01 cm. Equilibrium 
became established in 24-48 hours, after which the liquid 
levels in the capillaries varied only as the result of tem- 
perature fluctuations, within + 0.01-0.02 cm. Most of. 
the readings were taken after equilibrium had been reached. 
In the molecular weight determinations the osmometers 
were first filled with the less concentrated solutions. 
When the solution was changed, the osmometer was rinsed 
out with the next more concentrated solution and kept in 
it for 15 minutes. When the fraction was changed, the 
osmometer was placed in the solvent for 2-3 days, the 
solvent being changed 3-4 times, until the asymmetry did 
not exceed 0.02 cm. 


Variation of membrane permeability during use. The permeability of the membrane to a solvent may be 


represented by the equation [16] 


adh/dt = sAh, 


or 


Inh = A/a‘: st + const, 
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where h is the difference between the liquid column heights in the measuring and control capillaries for time 
t; ais the capillary cross section; A is the effective membrane surface; s is the permeability constant for the 


membrane. 


For a given osmoineter, s can be characterized by the slope of the straight lines on Inh ~t plots. An os- 
mometer kept in a solvent for 3 months showed no change in the value of s for the membrane. However, the 
value of s decreased considerably after the membrane had been used with a polymer solution, especially with 
fractions of lower molecular weight, as is shown in Figure 6. This is probably the result of adsorption of poly- 
mer molecules in the pores of the membrane. 


Deformation of the membrane during the experiment. The half-sum method is often cited in the litera- 
ture [17] for the determination of osmotic pressure. It is then assumed that the semipermeable membranes are 
not deformed during the experiment. We found in determinations of asymmetry in solvents that, for the same 
difference of levels of the solvent moving through the membrane, the rate of rise was always greater than the 
rate of fall, although ultimately the rise and fall curves always met at the same equilibrium height. This shows 
that if the half-sum method is used for evaluation of membrane asymmetry a negative value would always be 
obtained as shown in Figure 7, and the osmotic pressure values would increase with increasing difference be - 
tween the initial levels. However, in measurements of the osmotic pressure of polymer solutions both the half- 
sum method and the statistical method gave the same results; this can be explained by deformation of the 
membrane during the experiment. If the hydrostatic pressure outside the cell was higher than inside, the mem~ 
brane could be bent into the cell. Thus, as the liquid level rose within the cell, the membrane would gradually 
expand with decrease of the rate of rise. If the hydrostatic pressure was greater inside than outside the cell, the 
membrane could not be deformed, as the cell was clamped between two bronze plates. In experiments with 
polymer solutions, although equilibrium was reached with rise and not fall of the liquid, the solution level 
within the cell was always higher than the solvent level outside the cell, and therefore deformation could not 
occur. 


SUMMARY 


1. An osmometric method for determination of molecular weight is described; the molecular weights of 
nine Buna S fractions have been determined. 


2. The kinetics and maximum swelling of Cellophane membranes in 5-30% NaOH solutions have been 
determined. It is shown that the permeability of the membranes changes during repeated rise. 


___ 3, The m/c ~c relationship for the system studied is nonlinear. Linear extrapolation for determination of 
My, and Ag is possible if (/c)'/2 curves are plotted. 


The AyMp/n ratio for Buna S is constant, irrespective of M. 
4, The variation of [ny] with M is represented by the equation [n] = 1.65- 10 m*8, 
The somewhat higher values of a obtained by previous workers are attributed to linear extrapolation of 


the 1/c —c plots, which does not take into account the presence of branched structures in the polymer solutions. 
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LETTERS TO THE EDITOR 


THE EXTERNAL FRICTION OF RUBBER 


V.V. Lavrentyev 


There is no agreed opinion on the nature of the friction of rubber and the laws of friction. 


Ratner and Sokolskaya [1] use the relationship: 


F=p,,P+ BPI", (1) 


based on Deryagin's binomial law for solids. In Equation (1) F is the frictional force; P is the normal pressure; 
co and B are constants; pg) depends only on the micro- and macroroughness of the surface. The term h ac- 
counts for the hardness of the rubber. Ratner assumes that Equation (1) is valid for any normally applied ‘loads: 
he determines the coefficient j1g) by extrapolation of the » —1/P plot to 1/P —> 0. 


724 
10 


» 10 
1p. Ip 


Fig. 1. Variation of the coefficient of friction with 
the. normal nominal pressure in the friction of SKN- 
26 rubber against polished steel; 1) plotted in yp, 
1/P coordinates; 2) plotted in py, 1/e) coordinates, 
where h = 0.46. 


0 ow 10 130 


2M 
A. kg/erh 
Fig. 2. Variation of the reciprocal of the coefficient 
of friction with normal nominal pressure, for the same 
data as in Figure 1. Curves calculated from: 1) 
Thirion’s equation; 2) Bartenev's equation, with the 
following values for the constants: C = 27.4; a = 
= 0.0023; sé = 0.048 SN; sN = 0.4 cm’, 


According to Bartenev [2], the frictional force F for the sliding of rubber along smooth solid surfaces, cal- _ 
culated with the actual contact area S4 taken into account, is given by the following expression: 


F =CSA=CSN(vo+aP) / (14 oP). (2) 


where C, vy and q are constant, and vg = sf/sN, P is the normal pressure in kg/cm 


2. sN is the nominal con- 


tact area in cm*, This equation for a residual contact area sh after removal of the load, becomes the Thirion 


equation [3]. 


It follows from Equation (1) that the experimental data* should lie on a straight line, whereas the corres- 


*The testing method is described in| 1J. In this method the force of initial friction is measured after a definite 


time of static contact. 


023 


Ca 


ponding experimental relationship is nonlinear (Figure 1). Consequently the coefficients gy and B in Equation 
(1) are not constants, 


By the Thirion equation 
1/p = a+ OP. (3) 


a straight line should be obtained in 1/u, P coordinates. Figure 2 shows that deviations from linearity are found 
only at small loads. The theoretical Curve (2) corresponds to Equation (2); it describes the data over the 

whole range of loads. Therefore, the Thirion equation is in agreement with experimental data over a mere! 
range. The deviations at low loads are explained by the influence of the residual area of actual contact Sp’, 
taken into account in Bartenev's equation. 


The molecular-kinetic nature of rubber friction is 
confirmed by our experiments on the influence of tem- 
perature on the force of friction on stopping. Figure 3 
shows variations of tractive frictional force F as a func- 
tion of the sliding path x (the experimental procedure is 
described in detail in {1]). At the point F° the solid sup- 
port was heated above room temperature. The experi- 
ments showed that when the temperature was increased, 
even by 10°, the rubber specimen began to move with 
increased speed. At the point F° the specimen is either 
in very slow motion, or is retarded to a state of rest by 
the stronger bonds which arise between the rubber and 
the support on prolonged contact. Heating could either 
decrease F° (by rupture of the stronger bonds) or could 
simply increase the mobility of the contacting rubber 
molecules and hence the sliding rate of the rubber. To 
settle this question, we measured the frictional forces at 
temperatures fiom 23 to 90° under different normal loads. 


a path 2 


Fig. 3. Variation of tractive force with the 
sliding path of a rubber specimen on polished 
steel in a pendulum tribometer: Fo) initial or 
"static" friction at 20°; F,,) steady friction at 
sliding velocity v = 100 mm/minute; point 


A) traction stopped; F°) frictional force when In these experiments the decrease of the frictional 
the specimen stops after the tractive force is force caused by the temperature increase was measured. 
removed; F4) further decrease of tractive force To eliminate this effect, the possible decrease of the 

owing to increase of temperature. frictional force at a definite temperature and under nor- 


mal load was compensated by an additional normal load. 

Neverthe less there was an appreciable shift of the speci- 
men from the point F° on increase of temperature. This clearly shows that at the point F® the specimen was 
still in slow motion under normal conditions. Heating increases the sliding velocity of the rubber specimen. 
It must be taken into account that under the influence of prolonged thermal aging stable bonds are formed at 
the rubber-metal contact surface; to overcome these, large negative normal loads are sometimes required, 
greater than the strength of the rubber. This indicates that a certain number of more stable bonds may be 
formed during prolonged periods of contact at ordinary temperatures. Our experiments show in this case that 
the additional frictional force resulting from the influence of the contact time depends on the experimental 
conditions (roughness of the support, temperature, etc.). 


The molecular nature of the friction of rubber and the conventional character of static friction are most 
predominantly seen at high temperatures (with short contact times) and under large normal loads. Formation 


of stable bonds on prolonged contact, and large amounts of filler in the rubber, mask the molecular nature of 
rubber friction. 
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CURRENT EVENTS 


NINTH CONFERENCE ON COMPOUNDS OF HIGH MOLECULAR WEIGHT 


The Ninth Conference on Compounds of High Molecular Weight, devoted to general questions of chemis- 
try and physics of high polymers, took place in Moscow from January 28 to February 1, 1957. The range of par- 
ticipants at the Conference, the diversity of the problems considered, and the depth of the discussions reflect 
not only the importance of the problems confronting polymer science, but also the broad sweep of the research 
which is proceeding in this field in our country. 


About 1500 delegates took part in the Conference, including foreign scientists from the People's Republic 
of China, the German Democratic Republic, Poland, Rumania, Federal Republic of Germany, Israel, and Yugo- 
slavia. Academician V.A. Kargin, in opening the Conference, reviewed the present state of polymer science 
and emphasized the urgent necessity for extending research work with the aim of finding new methods of poly - 
mer production and new classes of polymers, and of development of deep studies of the phenomena and mech- 
anisms of processes which occur in the synthesis, conversion and utilization of polymeric materials. 


About two hundred papers were presented at the meetings of six sections of the Conference. 


The Section on Polymer Synthesis included 44 papers; in addition, 10 papers in the Section on Chemical 
Properties and Modification of Polymers also dealt with synthesis. A.N. Nesmeyanov, R.Kh. Freidlina and a 
group of their associates reported on the reaction of telomerization of CCl, and C,H, and on new possibilities 
of obtaining monomers of great practical interest from the products of this reaction. In the paper by B.A. Dol- 
goplosk et al., a number of new systems which initiate polymerization reactions were described and the mech- 
anism of their action examined. The papers by S.S. Medvedev et al., and by A.I. and S.T. Yurzhenko dealt 
with the mechanism of emulsion polymerization. A.N. Pravednikov and S.S. Medvedev gave convincing proofs 
for their proposed peculiar mechanism of the formation of the w-polymer of chloroprene. 


A.S. Semenova and E.V. Kuvshinsky reported the results of an investigation of the influence of pressure 
(up to 4000 kg/cm?) on the polymerization kinetics of styrene. The paper by S.E. Bresler and his co-workers 
described the determination of free radical concentrations by means of the Hg*® radioactive isotope and by a 
radiospectroscopic method. Questions of diene hydrocarbon polymerization formed the subject of the papers by 
_K.B. Piotrovsky and by teams of authors headed by A.A. Korotkov, N.1I. Nikolaev and others. A.R. Gantmakher 
and S.S, Medvedev described in their paper the peculiarities of the kinetics of carbonium polymerization and 
copolymerization. 


Interesting data on the synthesis and properties of certain polymers were reported in the papers by Yu.V. 
Mitin (on polymers containing aromatic rings in the chain), B.A. Dolgoplosk, E.I. Tinyakova, et al. (on carboxy1- 
containing rubbers), and I.A. Lifshits, S.I. Ilyina and V.N. Reikh (on piperylene polymers); the paper by S.A. 
Subbotin et al, gave the results of an investigation of isoprene rubber (synthesized under the guidance of A.A. 
Korotkov) similar to natural rubber in structure and properties. Polymerization of methyl methacrylate-under 
the action of butyllithium yields a polymer of much higher heat stability than ordinary polymethyl methacrylate; 
this is the principal result of an investigation reported by A.A. Korotkov and his associates. Polymers (and co- 
polymers) of certain unsaturated esters of phosphinic acids, described by G. Kamai and V.A. Kukhtin, have high 
flame resistance. 


The papers by V.V. Korshak and his co-workers gave the results of studies of the polymerization and co- 
polymerization of unsaturated organosilicon and organogermanium compounds, synthesis of polyesters of various 
dicarboxylic acids and glycols, and polycondensation of phosphine and phosphinic acid derivatives. M.F. Shos- 
takovsky described methods of preparation and polymerization, and the properties of viny1 organosilicon com- 
pounds, The paper by O.Ya. Fedotova, M.A. Askarov and I.P. Losev dealt with synthesis and study of symmetri- 
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cal diaminodiarylmethanes and polyamides derived from them. A.L. Klebansky and N.S. Vilesova reported in 


teresting data on the synthesis of N-alkyl derivatives of hexamethylenediamine and their polycondensation with 
dibasic acids. T.S. Sogomonyants and M.V. Volkenshtein put forward experimental proofs of the influence of 
stereoisomerism on the properties of polymers (illustrated by certain polyamides and polyesters synthesized by 
them). Interesting papers were presented by the Czechoslovak scientists O. Wichterle and K. Vesely'’.on cation- 


ic polymerization of olefins. 


At the Section entitled "Chemical Properties and Modification of Polymers” great interest and lively dis- 
cussions were aroused by six papers on various aspects of rubber vulcanization (by B.A. Dogadkin and his co- 


workers, G.M. Bartenev, A.S. Priss and L.E. Vinnitsky); I.S. Okhrimenko reported some interesting results on 
the high pressure vulcanization of rubber. A.Ya. Drinberg and A.D. Yakovlev reported on the structurization 
of linear polymers. The paper by B.A. Dogadkin, A.V. Dobromyslova, et al. dealt with the influence of the 
structure of butadiene polymers on their chemical activity. Papers on various aspects of the chemistry and 
physical chemistry of cellulose and its derivatives comprised a considerable proportion of the Section (14 papers). 
These included descriptions of new derivatives of cellulose (papers by S.P. Danilov and A.A. Lopatenok, and 
by Z.A. Rogovin et al.) and of chitin (by E.A. Plisko); data were presented on the reactivity of primary and 
secondary hydroxyls (V.A. Derevitskaya et al., O.M. Klimova), and the results of studies of hydrolysis, oxida~ 
tion, and thermal decomposition of cellulose and its derivatives were reported (V.I. Maiboroda and N.V. Mik- 
hailov, O.P. Golova et al., O.P. Kozmina and V.I. Kurlyankina, M.M. Pavlyuchenko et al.). V.I. Ivanov and 
N.Ya. Lenshina reported on the properties of cellulose in relation to its use in chromatography. 


Several papers dealt with polymer~-analog conversions (of polyvinyl alcohol, by S.N. Ushakov and E.M. 
Lavrentyeva; of polyacrylonitrile, by A.A. Strepikheev, G.I. Kudryavtsev and E.A. Vasilyeva-Sokolova); E.A. 
Kurilchikov described the modification of certain fiber-forming polymers by proteins. Wan U Hey (People's 
Republic of China) gave an interesting paper on the study of caprolactam by end group titration. 


The section on "Molecular Structure and Solutions of Polymers" contained papers giving the results of in- 
vestigations of various materials by the most diverse methods. The paper by V.A. Kargin, S.Ya. Mirlina and 


N.F. Bakeev contained conclusions concerning the shape of the molecules of polyacrylic acid and its salts, based 
on electrochemical measurements and direct observations by means of the electron microscope. O.B. Ptitsyn 
reported on a detailed theory of light scattering by polymer solutions; the consequences of this theory are of 
considerable importance. Studies of light scattering, viscosity, diffusion, and flow birefringence of polymer 
solutions were described in a series of papers by V.N. Tsvetkov and his co-workers, and also by E.V. Frisman. 
The paper by I.Ya. Poddubnyi and E.G. Erenburg gave the results of a study of the connection between the con- 
ditions of rubber synthesis and the structure of the macromolecules formed, determined by studies of their solu- 
tions. S.M. Lipatov et al. and A.A. Tager reported results of thermodynamic investigations of polymer-solvent 
systems. In the paper by S.A. Glikman and L.A. Root reference was made to the possibility of studying inter- 
molecular forces in polymer solutions by the dilatometric method. The paper by P.A. Rebinder and L.V. Ivan- 
ova-Chumakova was devoted to the general laws governing the viscoelastic properties of polymer solutions, 

and methods for studying them over a very wide concentration range — from very dilute solutions to the pure 
polymers. The papers presented by G.V. Vinogradov and his associates described methods and results of studies 
of the mechanical and optical polarization properties of concentrated polymer solutions. 


In the paper by V.V. Korshak, S.A. Pavlova and G.L. Slonimsky a relationship was established between 
the molecular weight distribution function of polycondensation products and the polycondensation mechanism. 
I.Ya. Poddubnyi reported an investigation, which has practical significance, of the molecular weight distribu- 
tion of divinyl-styrene rubbers. Teams of authors headed by V.V. Korshak and N.V. Mikhailov reported on the 
relationships between the properties and macromolecular structure of polyamides. S.S. Voyutsky et al. reported 


the results of a study of the relationship between the adhesive properties of polymers and macromolecular struc- 
ture. 


The controversial question of the structure of crystalline polymers was dealt with in papers by A.I. Kitai- 
gorodsky and Yu.V. Mynukh, and by G.S. Markova and V.A. Kargin. Studies of internal rotation and rotational 
isomerism of polymeric molecules by the photoelastic method and by means of polarized infrared radiation 
were described in papers by teams headed by N.M. Bazhenov and V.N. Nikitin. Yu.Ya. Gotlib advanced a 
theory of birefringence in polymers and demonstrated that this theory is in satisfactory agreement with experi- 
mental data for several substances. Studies of dielectric properties were reported in papers by G.P. Mikhailov 
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and T.I. Borisov (amorphous polymers), B.I. Sazhina (crystalline polymers), and O.D. Kurlienko (hydrophilic 
polymers). N.V. Mikhailov et al. reported the results of an investigation of polymer compatibility and the use 
of polymer mixtures for improving fiber properties. Several papers (S.N. Danilov and M.G. Okun, A.G. Pasyn- 
sky and A.M. Tongur, V.I. Kasatochkin, A.A. Alimov et al.) dealt with studies of natural compounds. 


Interesting, but in many respects controversial views on the submicroscopic structure of polymers were ad- 
vanced by K. Hess (Federal Republic of Germany). A.Katchalsky (Israel) gave two papers, on the principal 


properties of polyelectrolytes and on certain questions related to the direct conversion of chemical into mech- 
anical energy. 


discussed. A very wide range of problems was covered by these papers. The papers by T.I. Sogolova and V.A. 
Kargin, and by A.A. Pozin et al., dealt with the mechanism and laws of the flow of polymers. High-elastic 
properties of polymers formed the subject of papers by G.M. Bartenev et al., G.L. Slonimsky, A.P. Kusov, G.A. 
Patrikeev, and E.V. Kuvhsinsky et al. The characteristics of relaxation processes in polymer glasses and the 
mechanical behavior of glassy polymers were discussed in the papers by M.V. Volkenshtein et al. and Yu.S. 
Lazurkin et al, Highly important questions of the strength and fatigue of polymer materials were considered 
in papers by A.A. Rogovina and V.A. Kargin, G.M. Bartenev et al., M.M. Reznikovsky et al., V.G. Epshtein, 
and V.E. Gul. S.B. Ratner and V.V. Lavrentyev reported the results of a study of the static friction of rubber, 
The value of the thermomechanical method of polymer investigation, in particular in relation to determination 
of the mechanism of hardening and the structure of three -dimensional polymers, was demonstrated in papers by 
L.A. Igonin and V.A. Kargin, B.M. Kovarskaya et al., and L.E, Kalinina, V.1. Alekseenko and S.S. Voyutsky. 
The paper by S.V. Vinogradov, G.L. Slonimsky and V.V. Korshak gave the results of a study of the mechanical 
properties of amorphous polyesters, and the relationship between the structure and molecular flexibility of these 
substances was discussed on the basis of the data obtained. V.P. Pavlov and G.V. Vinogradov described new ap- 
paratus by means of which it is possible to determine the instantaneous modulns and to study the relaxation be - 
havior of easily deformed polymeric systems. N.A. Shchegolevskaya and S.N. Sokolov reported on the relation- 
ships established by them between the composition, structure and mechanical and optical (photoelastic) proper- 
_ties of certain multicomponent polymer systems. Chen Bao~Kun (People's Republic of China) devoted his paper 
to the viscoplastic properties of natural rubber. Prof. Porejko (Poland) dealt with some questions of the tech- 
nology of polyvinyl chloride processing. 


In the Section on "Aging and Degradation of Polymers” the papers reflected the attention paid by our in- 
vestigators to studies not only of pure polymers but also of complex polymeric systems containing such com- 
ponents as solvents, fillers, etc. A series of papers dealt with questions of oxidation and photodegradation of 
vuleanizateés and other systems containing rubber (by B.A. Dogadkin et al., T.G. Degteva and A.S. Kuzminsky, 
G.A. Patrikeev et al., Yu.S. Zuev and S.I. Pravednikova, N.N. Lezhnev,and A.S. Kuzminsky). The papers by 
V.V. Korshak et al., S.E. Bresler et al., N.V. Mikhailov et al., R.I. Gruz, and A.A. Vanshteidt gave the results 
of studies of the light and heat degradation of certain plastics and summarized work on the increase of their 
stability. 


Papers by A.A. Berlin, G.L. Slonimsky et al., and N.K. Baramboim, dealing with problems of mechano- 
chemistry, aroused great interest and lively discussions. 


In the Section on "Applications and Methods of Polymer Control" more than 20 papers were presented. 
N.K. Moshchinskaya's paper dealt with the synthesis of diarylmethanes and the possibility of their use as plas~ 


ticizers. S.A. Pavlov in his paper discussed the relationship between the chemical nature and properties of 
high polymers used in the production of artificial leather. Z.A. Rogovin and Z.A. Zazulina reported on a 
method for the production of a new fiber, ftorlon, which is of great practical interest. Several papers dealt 
with purification, utilization, and properties of cellulose and its derivatives and of starch. Interesting data on 
the sorption of dipolar ions by ion exchange resins were given by G.V. Samsonov and his associates. V.D. Be~ 
zuglyi and V.I. Dmitrieva reported on the successful use of a polarographic method in studying the production 
and processing of various plastics. G.N. Kukin devoted his paper to studies of the mechanical properties of tex- 
tile materials, and B.I. Gengrinovich dealt with the plasticoelastic properties of rubbers.and raw rubber compo- 
sitions. L.A. Igonin and E.E. Glukhov described their new instruments, of great interest for studying the mech- 
anical properties of polymeric materials. H. Klare (German Democratic Republic) presented interesting data 
obtained in studies of certain cellulose derivatives and viscose fibers. E. Correns (German Democratic Republic) 
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devoted his paper to the reactivity of wood; C. Simionescu (Rumania) dealt with fractionation of cellulose. T. 
Rabek (Poland) reported the results of studies of the properties of ion exchange resins. 


The participants at the Conference expressed the desire for the organization of a future series of meetings 
on individual questions — heat stability of polymers, some physical properties of polymer systems (viscosity and 
elasticity, thermodynamics of solutions, dielectric properties), aging and stabilization, mechanochemistry, ar- 
tificial leather, polymerization and hardening at room temperatures, and apparatus for mechanical testing. 


In closing the Conference, V.A. Kargin announced that, by the decision of the Commission on High Poly- 
mers of the Academy of Sciences USSR the next, 10th Conference, which is to be called in a year’s time, will 
be devoted to biologically active polymers (proteins, nucleoproteins) and to models of such polymers. 


Yu.M. Malinsky. 
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